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Radiation occurs naturally throughout the biosphere due to radioactive 
elements and their decay products present in the earth and through other 
natural processes. These natural sources expose human beings to radiation 
both outdoor and indoor. The exposure due to technologically enhanced 
radiations such as from thermal and nuclear power plants, uranium milling 
and phosphate fertilizer industries etc. may also contribute significantly. Of 
all the sources of environmental radiation, radon and its progeny are 
considered to be responsible for a significant radiation dose to man. 
Uranium occurs in dispersed state and has a heterogeneous distribution 
in earth due to the geochemical processes which have slowly recycled the 
crystal material to and from the earth's mantle. Although considered as the 
rare element it has higher content in earth's crust than other toxic elements 
such as K. Sb. Cd, Bi, and Hg. Its concentration varies significantly from 
rock to rock. It is more abundant in acidic rocks than in basic rocks and is 
also found in lignite, monazite and phosphate deposits. These rocks come in 
contact with underground water and uranium is transferred from bed rocks 
by its leaching action to the water and then to the soil. Human activities like 
mining and milling are also the chennels for transfer of underlying uranium 
to surface soil. 
Radon, a radioactive inert gas having a fairly long half life is the decay 
product of uranium series and can migrate from the subsoil to indoor and 
outdoor atmosphere. Building materials may also be the one of the potential 
sources of indoor radon which causes the build up of radon progeny in 
dwellings. Now it is well established that higher levels of radon and its 
progeny pose a health hazard to the general public. Also long term exposure 
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to low levels of radon in dwellings may lead to cause lung cancer. Therefore, 
the study of uranium levels in various materials, radon and its progeny in 
dwellings and radon exhalation from building materials is of great 
importance. 
Chapter I of the thesis presents a general introduction to naturally 
occurring radiations, external and internal exposure, technologically 
enhanced radioactivity, naturally occurring radon, characteristics of radon 
and its decay products, indoor radon levels, sources of indoor radon, radon 
exhalation from building materials and relation of radon and its progeny 
with lung cancer risk. 
The techniques used for the measurement of radon and its decay 
products and for the microanalysis of uranium have been discussed in chapter 
II. Most of the methods detect alpha particles, some y-emissions while a 
few detect beta decays. Solid State Nuclear Track Detectors (SSNTD's) have 
been widely used for the measurement of the passive time integrated radon 
and its progeny, radon exhalation and for microanalyses of uranium. 
The third chapter of the thesis gives a general idea about SSNTD's, 
their applications and advantage. The SSNTD's have been extensively used 
in almost all branches of Nuclear Science and Technology, Health Physics, 
Environmental science. Earth sciences etc. Different type of track detectors 
and their relative merits and demerits, various track formation mechanisms 
and models, track registration criterion, methodologies of track revelation 
and their visulisation and main applications of etched track detectors have 
been discussed. 
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The fourth chapter of the thesis depicts the results of the study of 
radon and its progeny. Indoor radon measurement have been undertaken in 
about 150 dwellings in hilly regions such as Kohima (Nagaland), Palampur 
and Baijnath (Himachal Pradesh) and Dehradun (Uttar Pradesh). Kohima, 
Palampur and Baijnath are supposed to be high background areas. Kohima 
in Nagaland, the south-eastern region of India is situated at major plateau 
boundary (Subduction zone). It has mainly sedimentary rocks and is expected 
to have rich uranium deposits. Palampur and Baijnath in Himachal Pradesh 
are situated in hills of northern Indian state of Himachal Pradesh which is 
close to Himalaya. The life style and building construction of these regions 
are different from the other part of the country. Dehradun is supposed to be 
a normal background area. 
Radon measurements have also been carried out in 143 dwellings of 
Udaipur, Bikaner and Banswara towns situated in Rajasthan province of 
Northern India. According to Geological Survey of India, these three places 
fall in pre-cambrian rocks in Aravalli mountain range which can be grouped 
in Banded Gneissic Comlpex and Aravalli super group. In the Aravalli super 
group workable phosphorite deposits are present in the significant amount. 
These phosphorites are invariably associated with dolostones and their P.,G*5 
contents vary from 5 to 23%. Trace element analysis indicate higher 
percentage of natural uranium. 
Indoor radon measurements were also made in about 150 dwellings of 
oil refinery area at Mathura and in dwellings in nearby normal background 
areas of Mathura and Agra towns of the state of Uttar Pradesh. In nature, 
sedimentary rocks are the sources of oil and gas. There are occasional cases 
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of igneous and metamorphic rocks serving as the source of petroleum. The 
sedimentary and igneous rocks also contain substantial trace amount of 
uranium-238 in varying concentrations and in the process of oil exploration, 
uranium-238 may also be extracted and be present in crude oil and natural 
gas. 
Annual effective dose, lung cancer risk and attributable loss of life 
expectancy have been calculated on the basis of models and compared with 
the available data for different countries. 
Fifth chapter of the thesis presents the results of the radon exhalation 
rate measurements in a large number of soil, fly ash and cement samples. 
The soil samples were collected from different places of two major Indian 
states viz. Uttar Pradesh and Rajasthan. Fly ash samples were obtained from 
the three large thermal power plants operating in our region i.e. Kasimpur, 
Parichha and Obra. Various brands of cement samples from different 
manufacturing companies commonly used in constuction activities in the 
region, were collected from the market. 
The purpose of the study was to observe the contribution of building 
materials to radon levels in dwellings. Over the last two decades it has been 
realised that some materials used for building construction may raise the 
airborne radioactivity levels in indoor air to unacceptable levels especially 
when the radium content in the materials is high. Various waste materials 
produced by power plants, chemical and metallurgical industry are commonly 
used in building materials. Some of them such as fly ash. furnace slag, 
byproduct gypsum etc. contain appreciable amount of natural radionuclides 
from uranium and thorium series and may pose radiation risk to the 
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population. 
The results of the measurements of the radon exhalation rates with 
effective dose equivalents, uranium concentration and coefficient of 
permeability in soil, fly ash and cement samples point out that the uranium 
concentrations of fly ash samples are much higher than the soil samples but 
their radon exhalation rates are found to be lower or of the same order. A 
positive correlation has been found between the radon exhalation rate and 
the uranium concentration as well as the permeability of these samples. 
In addition, the radon exhalation rates have been measured in 
geological samples from the Mosabani copper mine and the Narwapahar and 
Jaduguda uranium mines areas of the Singhbhum Shear Zone in the state of 
Bihar, India. The values of radon exhalation rates from crushed rock and 
soil samples are found to show a positive correlation with the measured values 
of uranium in the corresponding samples. High values of radon exhalation 
in subsurface mines like Jaduguda (depth ~ 800m) and Mosabani (depth 
~ 1000m) seem to emphasise the need for adequate ventilation for the removal 
of radon and its progenies from the mining area. 
In order to study the effect on the radon exhalation rates by adding 
different amounts of fly ash in the soil, a separate experiment was performed 
to measure the radon exhalation from intimate mixtures of fly ash and soil 
samples in different concentrations. From the results gradual decrease in 
exhalation rate has been observed with the addition of fly ash in soil samples. 
The last chapter of thesis has been devoted to the microanalysis of 
uranium in solid phase materials such as soil, fly ash, cement and geological 
samples from the Mosabani copper mine and the Narwapahar and the 
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Jaduguda uranium mine areas by "fission track registration technique". From 
the analysis of the samples no significantly high amount of uranium has 
been observed. But fly ash and rock samples from mining areas have higher 
levels of uranium and show un-even, uniform and non-uniform distribution. 
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% GENERAL 
^ INTRODUCTION 
1.1 NATURALLY OCCURRING RADIATIONS 
Radiation is a part of natural environment. The sources of natural 
background radiations, affecting the human body belong to extra-terrestrial 
and terrestrial origin. The extra-terrestrial natural radiations originate 
essentially from outer space and are thus called cosmic rays. The terrestrial 
natural radiations come from constituent elements of the earth's crust and 
are mainly 40K, 232Th and 238U and their decay products. The other important 
nuclides are87Rb and 235U. 
Cosmic rays produce a range of radionuclides in the atmosphere, 
biosphere and lithosphere by a variety of nuclear reactions. The four most 
important radionuclides are 3H, 7Be, 14C and 22Na and the most important 
mechanism of human exposure is ingestion. Table 1.1 provides a summary 
of the annual intakes (NCRP, 1987; UNSCEAR, 1977; 1982) and the 
committed effective doses for adults, applying standard dose per unit intake 
coefficients (ICRP, 1991; NRPB, 1991). 12C is the dominant than other 
radionuclides. Dietary intake of carbon by adult is about 95 kg. annually 
(ICRP, 1975) with 14C activity per unit mass of 230 Bq kg ' (UNSCEAR, 
1977; 1982). Although the dose per unit intake for younger persons increases, 
there is a compensating reduction in the intake. The spatial variability of the 
dose from 14C is not radiologically significant. 
The naturally occurring radioactive substances which Becquerel 
discovered in 1896 were a mixture of several isotopes which were later found 
to be related to each other. They were the members of long series of isotopes 
of various elements. All of which were radioactive except the last stable 
isotope, many of which contribute to human exposure. Uranium, the most 
le I.I :-- Annual intake by ingestion of cosmogcnic radionuclides and committed effective doses to adults. 
Radionuclide Intake (Uq a ') Effective dose (uSv) 
HI 250 0.004 
7Bc 50 0.002 
Ac 20o::~ 12.000 
: :Na 50 0.150 
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abundant of the radioactive elements in this mixture consists of three different 
isotopes: about 99.3% of 238U, about 0.7% of 235U and a trace quantity (about 
5 x 10 6%) is 234U. 238U and 234U belong to one family called the uranium 
series, while the 235U is the first member of another series called the actinium 
series. The most abundant of all naturally occurring radioisotopes, 232Th is 
the parent member of still another long chain of successive radioisotopes. 
1.2 EXTERNAL AND INTERNAL EXPOSURE 
The total radiation exposure both external and internal resulting from 
natural and man-made sources is important for assessing the effects of 
radiation on human beings. The external exposure comes out from extra-
terrestrial sources in the form of cosmic rays and also from terrestrial 
radiation sources. The exposures from ingestion of cosmogenic radionuclides 
is almost negligible. Exposure to cosmic rays on the ground is regarded as 
one of three basic elements of natural radiation background, the other two 
being external exposure from terrestrial gamma rays and internal exposure 
from radionuclides taken into the body. The highly energetic radiations hitting 
the earth are known as primary cosmic rays. While reaching the earth, these 
radiations interact with the atoms of the atmosphere resulting in the 
production of secondary particles known as secondary cosmic rays. 
The terrestrial radiation of natural background depends upon the 
constituents of soil, rocks and minerals. Soil and rocks have trace amounts 
of uranium and thorium which vary widely. The areas marked as high dose 
rate areas around the world are associated with thorium-bearing and uranium-
bearing materials. Mineral sands containing monazite are prime examples 
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of the former. Absorbed dose rates from gamma rays near separated monazite 
may reach upto 105 nGy h 1 depending on the geometry (Mason et al., 1988). 
Two such areas exist on the Arabian Sea coast of Kerala in India, with dose 
rates ranging from 200 to 4000 nGy h'1 (Sunta et al., 1982; Sunta, 1990) and 
on the Atlantic coast of Espirito Santo in Brazil with dose rates ranging 
approximately from 100 to 4000 nGy h 1 (Pfeiffer, 1981). 
The radionuclides leading to internal exposure mainly enter the human 
body through ingestion and inhalation. These radionuclides are either 
cosmogenic (i.e. produced by the interaction of cosmic rays with atoms in 
the upper atmosphere) or primordial in the sense that they existed in the 
earth's crust. Internal exposure from cosmogenic nuclides (such as 3H, 7Be, 
14C and 22Na) is very small. The main sources of primordial radiation are the 
radionuclides of the natural uranium and thorium series as well as 40K and 
87Rb. The major fraction of internal dose received by the human beings is 
due to the inhalation of radioactive gas radon (222Rn) and its decay products 
(21HPo, 2,4Pb, 214Bi and 214Po). They are responsible for about 60% of the 
effective dose equivalent from internal emitters. In the decreasing order of 
importance are 40K (13%), 220Rn (13%) and 210Pb-210Po (8 %). The effective 
dose equivalent from all internal sources is estimated to be about twice that 
from external irradiation. Table 1.2 summarizes the contributions of natural 
sources to the exposure of people living in areas of normal background 
radiation (UNSCEAR, 1982). In addition to natural background radiation, 
man is exposed to the sources of radiation created by man himself, called 
man made radiations e.g. X-rays and other types of radiations used for 
medical purposes, fallout from testing of nuclear weapons, occupational 
Table 1.2 :- Estimated effective dose equivalents from natural sources in normal background area 
Source of 
irradiation 
Annual effective dose equivalent (p.Sv) 
External 
irradiation 
Internal 
irradiation 
Total 
COSMIC RAYS 
- Ionizing component 
- Neutron component 
Cosmogenic Radionuclides 
PRIMORDIAL RADIONUCLIDES 
4 0 K 
87Rb 
"
RU SERIES 
238JJ _ 234TJ 
230Th 
226Ra 
2 2 2 R n . 2 l 4 p 0 
2 1 0 p b . 2 ! 0 p o 
232Th SERIES 
2 3 2 T h 
228Ra - 224Ra 
2 2 0 R n . 208 T , ] 
280 
21 
120 
90 
140 
15 
180 
6 
10 
7 
7 
800 
130. 
3 
13 
17 
280 
21 
15 
300 
6 
1044 
326 
Total (rounded) 650 1340 2000 
U1 
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exposure from nuclear and other industries and radioactive materials released 
in the course of nuclear power production. 
1.3 TECHNOLOGICALLY ENHANCED RADIOACTIVITY 
The exposure due to technologically enhanced radiations such as from 
thermal and nuclear power plants, uranium milling and phosphate fertilizer 
industries etc. may contribute significantly. The use of nuclear reactors for 
the production of electric energy may pose some radiological impact on 
environment. At the power generation stage reactor provides relatively minor 
contribution. Almost all the radioactive materials associated with the nuclear 
industry remain in the reactor sites or in the special storage facilities, but 
due to various steps of the operations, small quantity of radioactive materials 
releases into the environment. Most of the short-lived radionuclides with 
limited mobility are the cause of only regional concern. Long half-life 
radionuclides are dispersed globally to enhance the natural background 
radiation level. An estimate shows that the annual per capita dose from a 
unit (GW) nuclear electric energy production will be only 0.001 mSv by the 
year 2000 (UNSCEAR, 1982). 
Phosphate rock is extensively used as a source of phosphorus for 
fertilizers. It contains trace amount of radionuclides like 238U, 226Ra, 232Th 
and 4(IK which are redistributed into the environment in the course of rock's 
industrial processing and use. The phosphate fertilizers used in agriculture 
give rise to variable concentrations of the relevant airborne radionuclides. 
Regarding the dispersal of phosphate fertilizer in agriculture areas, 
Pfister and Pauly, (1980) assessed the average addition to the soil activity in 
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1977-1978 at 17 Bq m 3 of 2?8U, 11 Bq m 3 of 226Ra, 7.4 Bq m 3 of 232Th and 
150 Bq m 3 of 40K. Assuming the accumulation of 226Ra in the soil during the 
last 80 years, a mean additional absorbed dose rate in air came out to be 
about 8 x 104 uGy h"1. Fertilizer application, therefore, results in a fairly 
small increase of the external radiation exposure over natural background 
which on the average is 0.05 uGy h1 . Pfister and Pauly, (1980) measured 
mean additional absorbed dose rates in air ranging from 0.02 to 0.23 
uGy h 1 for various transport and loading operations and peak values of 0.8 
[iGy h"1. Fertilizer dust may lead to higher doses, if inhaled. A slight increase 
in the concentration of natural radionuclides of the 238U series is also expected 
to occur in food crops grown on soils supplied with the high amounts of 
phosphate fertilizers. 
Like most of the materials coal is found in nature and contains trace 
quantities of the naturally occurring primordial radionuclides. Therefore, 
the combustion of coal results in the release of some radioactivity to the 
environment and in the re-distribution of natural radioactivity from deep in 
the earth to locations where it can modify ambient radiation fields and 
population radiation exposures. Coal is used most commonly for industrial 
purposes, power generation and space heating. In general, the concentrations 
of natural radionuclides in coal are less than those in earth's crust. 
Occasionally, however, usually as a result cf leaching from abnormally 
radioactive overburdens of volcanic origin, very high concentrations of some 
radionuclides, in particular uranium, can be found in various coal deposits. 
Most of the documented exposures are those due to the atmospheric 
releases of gases and particulates from thermal power stations. There is more 
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particulate emission during combustion of coal than from any other fuel 
because of its high ash contents. The combustion of about 3 x 109 kg of coal 
is required to produce an electric energy of 1 GW a (Bayliss and Whaite, 
1966; Eisenbud and Petrow, 1964; Kaakinen et al., 1975; Klein et al., 1975). 
The activities of natural radionuclides discharged in the atmosphere from a 
power plant per unit electrical energy produced depend on a number of factors 
such as the activity concentrations in coal, the ash content of the coal, the 
temperature of combustion and the efficiency of filtering system. It will be 
assumed that the average activity concentrations in coal are 50 Bq kg ' of 
40K and 20 Bq kg 1 each of 238U and 232Th and that all the decay products of 
238U and 232Th are in radioactive equilibrium with their precursors. 
The atmospheric discharges of natural radionuclides are obtained as 
the product of the mass of fly ash released per unit of energy produced by 
the activity concentrations in escaping fly ash. The mass of fly ash released 
per unit of energy produced depends heavily on the efficiency of the 
particulate control. However, the plants must eventually meet the clean air 
standards recommended by the Environmental Protection Agencies which 
are set at 1.4 x 106 kg of ash per GW a of electricity generated (McBride et 
al., 1977). This corresponds to a release of about 1% of total ash. 
Releases of 222Rn and 220Rn have to be estimated separately as radon is 
not collected by the particulate control devices. The activities of 222Rn and 
220Rn released per GW a have been assessed at 60 GBq on the basis of the 
following assumptions: 222Rn and 22()Rn are in radioactive equilibrium with 
238U and 232Th respectively in coal and are discharged in their entirety when 
coal is burnt, the average activity concentration of 238U or 232Th in coal is 20 
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Bq kg ' and the combustion of 3 x 109 kg of coal is required to produce 1 
GW a of electric energy. 
Uranium mining and milling are important contributor to radiation 
dose imparted to surrounding populations. Not surprisingly, radon levels are 
highest where the highest uranium concentration occurs in rocks . However, 
high radon concentrations are confined to uranium mines. Any mining activity 
in uranium-bearing rock may cause the development of significant radon 
levels in the mine air. Though radon levels tend to be very high in the confined 
spaces of underground drifts, elevated levels are also found in open-pit mines 
and around mill tailings. Open-pit mining usually is carried out by excavating 
a series of terraces in sequence. Radioactive emissions from open-pit mining 
operations are radioactive fugitive dust and 222Rn gas. Because of the diffuse 
nature of these mining operations, few direct measurements of radon emission 
have been made and emission rates of radon from open-pit mines have usually 
been estimated using calculational methods. The radon release was correlated 
with surface area for different strata and their 226Ra content. The average 
226Ra content of ten samples taken from the ore-bearing region was 102 pCi 
g-1 (3.77xl0? Bq kg1) (Cothern and Smith (Jr.), 1987). This average divided 
by the average flux density for the undisturbed ore-bearing region yielded a 
specific flux of 0.072 pCi 222Rn m2s ' for each pCi 226Ra in a gram of ore. 
Little difference in WL values was found in the mine pit or at some distance 
from it. 
By ventilating mines as efficiently as possible, increased levels of radon 
may be conveyed to the surface. The exposure and risk from such emissions 
have been estimated for a model mine operating at 500 tonnes d"1 with an ore 
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grade of 2% U3Og and five vents (U.S. Env. Prot. Agency, 1979). Radon 
emission from mine vents was estimated to be of the order of 6500 Ci y1 and 
from waste and ore storage another 230 Ci y~\ for a total of 6730 Ci y"1 (250 
TBq y'1)- A health impact analysis for vented radon from uranium mines has 
also been performed for individuals in structures near the mine. The results 
indicate that radon levels will be significantly elevated above background 
for distances up to 3 km, though the detailed risk levels were made unduly 
high by assuming horizontal ground level releases and a very high vent release 
(Cothern and Smith (Jr.), 1987). 
After mining the uranium ore, the crushed ore is processed at a mill to 
extract and concentrate the uranium contained in it. This involves the physical 
separation of the dispersed uranium-bearing minerals from the 'country rock' 
matrix, mainly silicates , followed by a chemical concentration process. In 
this process the mineral grains are dissolved and the uranium extracted, 
usually by ion exchange. 
The tailings piles from large dikes of finely divided material with a 
radium content that depends on the original uranium ore grade. As the radium 
decays, radon can emanate from the pile and the radon progeny may become 
attached to fine particulates in the top layer, which could become entrained 
in air by wind action. Radioactive airborne emissions, mainly from dry pond 
edges and piles, take place as a result of wind erosion and the diffusion of 
radon gas. The annual emission rates from tailings disposal areas have been 
estimated as 0.2 - 14 mCi y ' (7.4 - 500 MBq y1) of 238U, 3-200 mCi y 1 (0.1-
7.4 GBq y1) of 230Th, 226Ra, and 210Pb, and 14-8500 Ci y 1 (0.5-315 TBq y>) 
of 222Rn. They are typically an order of magnitude higher than radon releases 
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from ore crushing and storage areas (Rock and Walker, 1970). The predicted 
population doses for radon releases from uranium mills are of the order of 
600,000 man-rem (6000 man-Sv) (Cothern and Smith (Jr.), 1987). 
1.4 NATURALLY OCCURRING RADON 
The occurrence of radon in the atmosphere has been known since soon 
after its original discovery in 1900. Yet its distribution in space and time, its 
physical state and its mode of participation in the dynamics of the atmosphere 
are still not entirely understood. In many cases, however, the isotopes of 
radon furnish a unique set of tracers for the study of transport and mixing 
processes in the atmosphere to constitute a major part of the environmental 
radioactivity. Radionuclides belonging to the three naturally occurring 
radioactive decay series are found throughout in the earth's crust in minute 
amounts. A common characteristic found in all the three naturally occurring 
radioactive series is that each has a radioactive gaseous member which is an 
isotope of radon. The radon isotopes are listed in table 1.3 with their principle 
characteristics. These are 219Rn (actinon) in 235U series, 220Rn (thoron) in the 
2?2Th series and 222Rn (radon) in the 238U series. The decay chain of 238U is 
presented in figure 1.1 219Rn is of minor importance in the atmosphere both 
because of its short half-life (3.92 sec) and relatively low abundance of its 
long lived parent. 2?2Th is more abundant than 238U (Krauskopt, 1979). but 
the half-life (55.6 sec) of 220Rn allows only a small fraction of it produced in 
the soil to escape into the atmosphere. Radon (222Rn) is predominantly 
significant owing to its relatively long half-life (3.82 days). This is long 
enough so that much of 222Rn formed in the building and within approximately 
a meter of building understructures can reach the indoor environment. 
Table 1.3:- The radon isotopes and their principle characteristics. 
Series Long-lived Crustal Radon Common Half-life Particle emitted 
parent abundance isotope name and energy 
(ug/g) (MeV) 
Uranium 238U 2.7 222Rn Radon 3.82 days a, 5.49 
Thorium "2Th 8.5 220Rn Thoron 55.6 sec a, 6.29 
Actinium 2«U 0.02 2,9Rn Actinon 3.96 sec a, 6.82 
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Similarly, much of 222Rn within about a meter of the earth's surface reaches 
the outdoor atmosphere, although this has less radiological significance than 
the one which reaches the indoor environments. 
Because of the rapid decay of 220Rn, it is found mainly with in the first 
few meters of the earth's surface. The second daughter in the 220Rn decay 
series is 212Pb (10.6 hrs). This nuclide because of its relatively long half-life 
is distributed much more uniformly with height, but at activity levels only a 
few percent of that of 222Rn. The daughter nuclides of 222Rn can be divided 
into a short-lived group which consists of isotopes of polonium, lead and 
bismuth all having half-lives of one-half hour or less and a long-lived group 
made up of 210Pb (21 yrs) and its two immediate daughters. 210Bi (5.0 days) 
and 210Po (138.4 days). The isotopes of radon exists as free atoms in the air. 
The daughter products may appear briefly as ions, and then become attached 
to aerosols. Their behaviour in each case has been the subject of the natural 
radiation environment and about the behaviour of the atmosphere through a 
variety of tracer type studies. An earlier review of radon isotopes and their 
daughters in the atmosphere has been provided by Schumann (1972). 
1.5 CHARACTERISTICS OF RADON AND ITS DECAY PRODUCTS 
Important characteristic of radon that gives it more radiological 
significance than earlier members of the uranium (and thorium ) decay chains 
is the fact that it is a noble gas. As such, once it is formed in radium-bearing 
material, a radon atom is relatively free to move, provided it first reaches 
the material's pore space (typically by recoil from the parent radium atom's 
emission of an alpha particle). Once in the pore space, macroscopic transport 
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of radon is possible, either by molecular diffusion or by flow of the fluid in 
the pore space. Radon, therefore, reaches the air or water to which humans 
have access provided that transport is sufficiently rapid to be completed 
before the radon decays. 
Formed in the 238U decay chain (Figure 1.1) from decay of 226Ra, 222Rn 
is the most important radon isotope because of its longest half-life of 3.82 
days. 
The second important characteristic of radon is that it decays into 
radionuclides that are chemically active and relatively short-lived. As 
indicated in figure 1.1, the four radionuclides following the decay of 222Rn 
have half-lives of less than 30 min, so that if collected in the lung on being 
inhaled they are likely to decay to 210Pb before removal by lung clearance 
mechanisms. 
The radiation released on the decay of the short-lived decay products 
imparts the lung dose to which increased risk of lung cancer is attributed. 
The alpha radiation from the polonium isotopes contributes the radiologically 
significant dose, primarily because alpha particles deposit their energy within 
such a small thickness of tissue. As a result, the alpha energy is deposited in 
the relatively sensitive lung lining and also has a dense deposition pattern 
which has much greater biological impact. 
The concentration of (short-lived) decay products in air is ordinarily 
not given in terms of individual decay-product concentrations, but rather by 
a collective concentration that is normalized to the amount of alpha decay 
energy that will ultimately result from the mixture of decay products that is 
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present. This quantity is the Equilibrium-Equivalent Decay Product 
Concentration (EEDC) which is the amount of each decay product necessary 
to collectively have the same Potential Alpha Energy Concentration (PAEC) 
that is actually present. The ratio of EEDC to radon concentration is the 
equilibrium factor, equal to 1 if radon and all its decay products are in 
radioactive equilibrium, but in the range of 0.2-0.6 for most indoor 
atmospheres and somewhat higher outdoors. 
For a given indoor radon concentration, the concentrations of radon 
decay products can vary over a substantial range, since they are removed 
from the air not only by radioactive decay, but also by ventilation and by 
reactions with the structure and its furnishings. An additional and important 
manifestation of their chemical activity is that the decay products can form 
small airborne agglomerates and can attach to previously existing particles. 
Such characteristics of the airborne decay products affect the rate at which 
they deposit on walls and furnishings, the pattern and degree of deposition 
in the lung, and ultimately the magnitude and distribution of the associated 
radiation dose. 
1.6 INDOOR RADON LEVELS 
Since identification of 222Rn and its decay products as potential 
important indoor pollutants, a large number of efforts have been initiated to 
measure the radon levels in homes. In few countries, mostly European, these 
efforts have even included surveys in statistically designed samples of the 
housing stock. Taken together, monitoring efforts to date provide a useful 
appreciation of residential radon concentrations in not only Europe but even 
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in the United States where a wide variety of small or local survey efforts 
have been completed. Data are less completed for commercial and public 
buildings, although a variety of information can be brought to suggest the 
approximate scale of radon concentrations in such environments. 
222Rn is the immediate daughter of 226Ra and is continuously produced 
wherever 226Ra exists. 238U is present in earth 's crust typically in 
concentrations of 2-4 ppm (Evans, 1969) and in consequence is found in all 
locations in the soils and rocks. Building materials, derived from soil and 
rock, also have substantial amount of radium and act as the source of indoor 
radon. Clay bricks contain typically 1.4 ppm of radium whereas granite bricks 
has an elevated concentration of 2.4 ppm (Hamilton, 1971). Radon being a 
noble gas, diffuses from the room surface materials and from the subsoil 
below the building into the room air where it and its daughters are available 
for inhalation by the room occupants. Figure 1.2 shows how the radon enters 
a building through cracks or openings in walls or floors in contact with soil. 
1.7 SOURCES OF INDOOR RADON 
Study of indoor radon has evolved and changed directions many times 
over the last 20 years. Early work with radon was on its use as a tracer of 
transient processes such as atmospheric mixing. It was used extensively as a 
Uranium and petroleum exploration tool and to predict earthquakes. The 
environmental concentrations of radon began to be more intensely studied 
when high levels were found in homes. 
Uranium is present in all locations in the soil and rock in at least trace 
quantities. Some kinds of rock, such as granites, shales, fluorspar and sand 
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1. Cracks in solid floors 
2. Construction joints 
3. Cracks in walls below ground 
4. Gaps in suspended floors 
5. Cracks in walls 
6. Gaps around service pipes 
7. Cavities in walls 
Figure 1.2. Possible entry points of radon. 
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stones can have substantial uranium concentrations though they are not 
considered to be ores. Ground water, such as from wells and springs can 
also contain high concentrations and can affect the distribution of radon in 
its vicinity. The main contributions to the indoor radon levels are as follows: 
1.7.1 Soil and rock 
Primary source of radon in indoor atmosphere is soil where it is 
produced by the radioactive decay of radium (226Ra) which is found in trace 
quantities. Soil and rock have concentrations of elements in 238U and 2?2Th 
decay series which vary widely. Estimated average concentrations in soil 
due to uranium and thorium series are 25 Bq kg"1 each (UNSCEAR, 1986). 
The reported uranium concentration varies between 0.03 ppm to 4.07 ppm 
in Indian soil (Azam and Prasad, 1989; Jojo et al., 1991). Different types of 
rocks like granite, metamorphic, igneous rocks and shales have the average 
uranium concentrations of about 50 Bq kg1 . Radon gas which is chemically 
inert, is then transported through the soil into dwellings via cracks and other 
openings in the building directly. Radon gas entering into the indoor 
atmosphere builds up as a result of poor ventilation. 
The recent research by several groups has indicated that soil porosity 
is a critical factor causing high soil-gas radon levels even in areas which 
have 'normal' radium concentrations (Tanner, 1986; Akerblom et al., 1984; 
Nero and Nazaroff, 1984). High permeability of soil can also have effects 
which increase indoor radon levels in adjacent structures. In high permeable 
soils, especially sand and gravel, radon migration by diffusion is great up to 
a depth of several metres (Cothern and Smith (Jr.), 1987). Thus Radon in 
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soil-gas can accumulate from a much larger area. Pressure driven flow of 
soil gas is also a major mechanism for the transport of radon gas from the 
soil into the house (Nero et al., 1984a). Pressure differences across the 
building shells can rise due to the wind loading of the thermally driven effect 
inside the buildings. This can create a slight depressurization related to the 
atmospheric pressure near the floor of the building shells and also can draw 
radon bearing soil gas into the atmosphere. The dwelling, rather than being 
simply a passive accumulator of radon has got an active role in creating the 
focus which are responsible for a major radon entry mechanism. The rate at 
which the radon accumulates in the soil gas and its mobility in the soil 
depends on the physical and environmental parameters like moisture content 
of the soil and texture etc. The structure which affects the gas flow also 
appears to be an important factor (Akerblom et al., 1984). 
1.7.2 Building materials 
The soil and bedrock beneath houses are the main sources of indoor 
radon. In larger structures the building materials may contribute a greater 
share to the indoor radon concentration, but the absolute contribution is 
usually small. However, certain materials have been found to constitute 
unusually large sources of radon and in such cases the building materials 
may be the source of unacceptably high indoor radon concentrations. The 
use of alum shale based concrete in Sweden contains very high 226Ra 
concentrations and its use as building material was later banned. Other 
building materials of natural origin containing enhanced levels of 226Ra 
include granites, some clay bricks and tuff (Kolb, 1974; Soratin and Steger. 
1984; Krisiuk et al.. 1974; Sciochetti et al., 1983). 
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In recent years wastes from different industries have been used in the 
building industry. Fly ash from coal-fired power plants is used as an additive 
in cement and by-product gypsum from the phosphate industry is utilized in 
plasterboards and in concrete (Pensko et al., 1980; Stranden, 1983; 
O'Riordan et al., 1972). These wastes contain a higher than average 
concentration of 226Ra and in some cases such building materials may be the 
significant sources of indoor radon. 
Brick tends to have slightly higher 226Ra concentrat ions but 
significantly lower radon emanation rates than concrete. Red bricks are 
thought to have higher uranium content, probably because of fixation by 
iron, than lighter-coloured or silica bricks. Because they are more commonly 
used on the exterior of buildings, their contribution to indoor radon would 
be even lower. In some places such as in Germany, bauxite by-products are 
used in brick manufacturing, resulting in a product with a mean 226Ra content 
of 280 Bq kg^Nero and Nazaroff. 1984). 
Gypsum has been evaluated as a radon source and radon emanation 
rates have been found to be very low except where phosphate byproducts 
have been added to make phosphogypsum. In the phosphate milling process, 
the waste products are enriched in -6Ra. Though no longer used in the United 
States, phosphogypsum can have over 1000 Bq kg"1 of 226Ra and can be a 
significant source of radon (Colle et al., 1981). 
The practice of disposing of fly ash from coal generated power plants 
or phosphate slag by incorporation into concrete is a potential problem. Fly 
ash has been found to have enhanced levels of radium, upto several hundreds 
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Bq kg"1, but only a few percent can be added to concrete. Also, comparative 
studies showed that the radon emanation from concrete mixed with fly ash 
was lower than that for the same concrete without fly ash (Stranden, 1983). 
The concentration of uranium in fly ash varies between 172 Bq kg"1 to 1599 
Bq kg"1 (Jojo, 1993) in India. However, the use of phosphate slag in concrete 
in the United States has been studied, and it has estimated that there are 
many as 74,000 homes built with concrete containing up to 740 Bq kg"1 of 
2 2 6Ra(Kahnetal . , 1979). 
Calculation of the contribution of radon from materials requires 
knowledge of radon flux density or exhalation rates from the various 
components of the structure, which are not quantitatively known. The 
exhalation is a very complex process and is dependent on many factors, 
such as the radium content, pressure changes, temperature and relative 
humidity (Colle et al., 1981). These causal internal and external variables 
are only qualitatively understood. 
The contribution of building materials to indoor radon can be estimated 
by summing the products of the radon flux density for each type of material, 
multiplied by its surface area in the structure. It can be estimated from the 
equation: 
i F A v 
i i 
Rn = I (1.1) 
n=l V 
Where, Rn = indoor radon concentration from building materials (Bq m ?) 
F = flux density for material i (Bq m 2 s"1) 
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A = area of material i (m2) 
v = ventilation rate (s ') 
V = volume of structure (m3) 
1.7.3 Water 
Transport through water can be considered as an important means of 
radon entry into the dwelling. Radon concentration in water has been found 
to vary in a wide range. Generally the highest concentration in water has 
been observed in drilled wells, especially in granite areas and the lowest in 
water from dug wells and surface water. Radon dissolved in water is a 
potential source of indoor air borne radon, although the transfer factor relating 
to the resulting concentration in water is about 10" Bq m 3 (Nazaroff et al., 
1985b). Studies of radon transfer from the tap water to indoor air gives an 
average per person water use of 0.2 to 0.4 m3 per day and a use of weighted 
transfer efficiency of 0.5-0.6 (Gessel and Prichard, 1980). Thus, for about 4 
persons living in a dwelling of a reference volume of 250 m3, the radon 
entry rate through domestic water supply, having a concentration of 105 Bq 
m 3 is expected to be in the range of 7-16 Bq m~3. Since the concentration of 
radon in water can exceed this value by more than an order of magnitude, 
water borne transport can also in some cases, contribute to higher radon 
entry rate into the atmosphere, comparable to the higher rates observed. 
Surface water supplies containing radon at a typical concentration of nearly 
2000 Bq nr3 or less will not contribute much to the indoor radon concentration 
than a concrete slab floor. A survey of radon concentration in well-water in 
Maine was found in a range of 7 x 102 to 7 x 106 Bq m 3 and in wells in 
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granite area the average was 8 x 105 Bq m 3 (Hess et al., 1983). Such a high 
concentration of water-borne radon entering indoor atmosphere can be 
expected to be a significant contributor. 
1.7.4 Natural gas 
Natural gas is some times mentioned as a potential significant source 
of indoor radon. Like ground water natural gas can accumulate radon gas 
from radium content in the rock structures, surrounding the gas formation. 
The strength of radon concentration in raw natural gas at production wells is 
reported to be of the order of 50 kBq m ? (UNSCEAR, 1982). During the 
processing of natural gas into liquefied petroleum gas (LPG), radon is 
concentrated in the LPG fraction because of its boiling point. The radon 
content in fresh LPG ranges from 70 Bq m 3 to 48 kBq m \ However, the 
radon content at the point of use is much less, primarily due to decay during 
distribution and storage. The average radon content of LPG in distribution 
lines was estimated to be about 700 Bq m 3. It is estimated that for a typical 
residential gas use and air exchange rates, even for unventilated gas appliance, 
the contribution of indoor radon from natural gas is less than 4 Bq m~\ Tables 
1.4 and 1.5 respectively give the average radium-226 and radon-222 levels 
for building materials, water and natural gas; and the estimated range of 
radon entry rate from various sources in a typical dwelling. 
1.8 RADON EXHALATION FROM BUILDING MATERIALS 
Due to radioactive decay of 226Ra, the gaseous daughter 222Rn is formed 
in the building materials. 222Rn diffuses from the place of its origin into air-
filled pores of building materials and finally diffuses into the room air. The 
Table 1.4:- Levels of radium-226 and radon-222 in building materials, natural gas and water all over the world. 
Material Average radium 
(Bq kg"') 
Material Average radium 
(Bq kg ') 
Soil 
Bricks 
Cement 
Plaster board 
Aerated concrete 
Slag (Aggregate) 
Fly ash 
Water 
Natural gas 
25.0 
70.3 
33.8 
27.0 
985.0 
110.0 
150.0 
10.0kBqm3of222Rn 
0.03-3.0kBqnr3of222Rn 
Clinker 
Sedimentary rock 
Phosphogypsum 
Tiles 
Wood 
Igneous rock 
66.0 
29.5 
178.0 
78.0 
0.4 
23.5 
Table 1.5:- Estimated range of radon entry rates from various sources in typical dwelling. 
Specific entry rate 
(Bq m 3 h ' ) 
Indoor concentration 
(Bq nr3)' 
Source Estimated 
mean 
Range Estimated 
mean 
Range 
Building materials 
Brick or concrete 
house 
Wooden house 
Soil 
Outdoor air 
Other sources 
(water, natural gas) 
All sources 
2-20 
1 
1-40 
2-5 
0.1 
6-60 
1-5 
0.05-1 
0.5-200 
0.3-15 
0.01-10 
2-200 
3-30 0.7-100 
1 
2-60 
3-7 
0.1 
0-1000 
0.03-2 
0.5-500 
1-10 
0.01-10 
2-500 
*mean ventilation rate of 0.7 h"1 
(normal range 0.3-1.5 h1) 
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rate of exhalation into room air from surrounding walls can be influenced 
by the finish of the wall surface, plastic paints, thick washable wall paper or 
metal panelling which reduce the amount of 222Rn entering the room 
atmosphere. The radon exhalation will also vary with the atmospheric 
pressure. It is reported that a sudden drop in the atmospheric pressure in an 
unventilated room will cause an increase in the radon exhalation due to 
sucking effect of the falling pressure (Jonassen, 1975). Stranden etal., (1979) 
found that a daily drop in atmospheric pressure of 1 mm of Hg will result in 
an increase of the radon exhalation of about 5-7%. However, the amount of 
passive exchange between air masses indoor and outdoor will determine to 
what extent this increased exhalation will result as an increased content of 
222Rn. If there is no exchange with air masses of lower radioactivity, indoor 
radioactivity will decrease only due to radioactive decay and, for the daughter 
products, due to the attachment to interior surfaces such as walls and 
furniture. 
The rate of exhalation from the soil under the building is important 
due to the vertical concentration gradient of the radioactivity within the 
building. The 222Rn concentration in cellars or rooms on the lower basement 
is usually higher than in rooms on top floors (Toth, 1972; Abu-Jarad and 
Fremlin, 1982). 
1.8.1 Emanation coefficient and diffusion length 
Only a fraction of radon generated in soil ever leaves the solid grains 
and enters the pore volume of soil. This fraction is known as the 'emanation 
coefficien'. Experimental measurements of'emanation coefficient'of different 
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types of rock and soil samples have been made by many investigators. The 
approximate range of emanation coefficient vary from 0.5 to 0.7 for soil. 
Conservation of linear momentum dictates that, upon being created 
by the alpha decay of radium, 222Rn and 220Rn atoms possess kinetic energies 
of 86 and 103 KeV, respectively (Bossus, 1984). The newly formed atom 
travels from its site of generation until its energy is transferred to the host 
material. The distance travelled depends on the density and composition of 
the material. The range of 222Rn is 0.02-0.07 u.m for common minerals, 0.1 
u.m for water and 63 |jm in air, the range of 220Rn in air is 83 urn (Tanner, 
1980). 
Analysis of the emanation process for uniformly distributed radium 
in undamaged soil grains leads to much lower emanation coefficients than 
are generally observed. Andrews and Wood (1972) and Bossus (1984) 
computed the escape probability for radon atoms generated within the recoil 
range of the surface of a spherical particle and obtained 23.5% and 25%, 
respectively. If we then consider a spherical particle with diameter 20 \im 
(corresponding to a medium coarse slit), having a radon recoil range of 0.035 
um, this model predicts that only 25% of the radon atoms generated in the 
grain leave it during recoil. Analysis of the diffusion of radon in intact grains 
suggests that the diffusion fraction is entirely negligible. Diffusion 
coefficients for argon in rock-forming minerals were measured to be 10 ?1 -
1069 m2 s 1 (Tanner, 1964) and corresponding radon diffusion lengths were 
10-13- 103 2m. 
Radon release from soil, combining emanation and transport, is 
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maximum when the soil is moist. Having the small pores filled with water it 
results in high radon emanation coefficient. But, as most transport takes place 
through the larger pores only, the reduction in radon transport is to a small 
degree. When dry, the soil has slightly enhanced transport, but a greatly 
reduced emanation coefficient. When wet, the emanation coefficient is 
slightly higher, but the diffusivity and permeability are greatly reduced. 
Temperature has also been found to be a factor in determining the 
radon emanation coefficient, although over the range of temperatures common 
for surface soils this effect is of minor importance. Stranden et al., (1984) 
found that the radon exhalation rate for a soil sample increased by 55% 
when the temperature was increased from 5 to 50°C. They suggested that 
the increase with temperature may be due to a reduction in physical 
adsorption. Barretto, (1973) found a much smaller temperature dependence 
for the emanation coefficient for a granite sample (0.106 at 265°C to 0.081 
at -20°C). 
1.8.2 Factors influencing the indoor radon 
Radon concentration of the indoor air is influenced by several factors 
which can be divided into two groups: 
(i) Locally dependent factors, i.e building materials, location of 
the building, location of room inside the building, and 
(ii) Time dependent factors, i.e. exhalation from the surrounding 
walls and from the soil underneath the building, ventilation 
condition, radon content in the outdoor air and metereological 
parameters ( atmospheric pressure , humidity, wind and 
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temperature). 
Most of the factors mentioned above are dependent on each other. In 
figure 1.3 various factors that have influenced upon the radon concentration 
are shown. 
Because of its relatively long half life and lack of chemical activity, 
222Rn itself acts much like a stable pollutant whose indoor concentration is 
determined by two factors, the entry rate and the ventilation rate. In contrast, 
the behaviour of the decay products is much more complex, depending on 
the radon that is present, the ventilation rate, and the interplay among 
radioactive decay, chemical reactivity, particle concentrations and the nature 
of the boundary layer between the indoor atmosphere and the surfaces that 
enclose it. Nonetheless, as a practical matter, the decay-product concentration 
is indicated approximately by the radon concentration, which is determined 
by source and ventilation characteristics. 
1.9 RADON AND LUNG CANCER 
The importance of the contribution of environmental radon to natural 
radiation dose has been realized for the past decade. It is now widely 
recognised that radio-biological hazards associated with radon are the largest 
single contribution to the radiation dose to the human beings. The interest in 
the study of radon is mainly due to its detrimental effects on human beings. 
Although we speak of radiation hazards due to exposure to radon, it is readily 
the radon progeny which subjects the respiration system to alpha dose. Radon 
gas is exhaled easily as it is inhaled but its decay products are short-lived 
and they decay completely insitu at the site of deposition without getting 
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Figure 1.3. Factors influencing the radon concentration in 
dwellings. 
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translocated . Alpha dose due to these decays is 20 times in magnitude to the 
dose delivered by the gas itself assuming equilibrium. 
1.9.1 Lung cancer 
Cancer of the respiratory track is most common form of lethal cancer 
in most industrialized countries. Overall it accounts for about one-fifth of 
all cancer deaths. In some countries the proportion is even higher, in England 
and Wales almost half the fatal cancers in men between the age of 45 and 64 
are lung cancers (Royal college of Physicians, 1983), and in United States 
the proportion is about one-third (Doll and Peto, 1981). Cancers occur in 
various parts of the respiratory tract but mainly in the lung. Most of these 
cancers are associated with smoking (Royal college of Physicians, 1983; 
Doll and Peto 1981; Peto and Doll 1985). 
Most lung cancers arise in the bronchial airways and are classified as 
bronchogenic. It is difficult to localize the origin of tumors to specific 
airways, since they are often large by the time of diagnosis. However, 
somewhat less than half are thought to occur in the central part of the lung 
in the relatively large bronchi (Spencer, 1977). The remainder occur in small 
airways deeper in the lung with relatively few in the alveoli. There are 
different types of lung tumors, distinguished by the appearance of cells at 
histological examination (Kreyberg, 1967). The four main categories (WHO, 
1981) and their occurrence, estimated from a recent survey of 28,000 cancer 
cases in general population of United States (Percy and Sobin, 1983) are 
present in table 1.6. 
Epidermoid tumors and small cell carcinomas occur in the large 
Table 1.6:- Distribution of types of Tumor in 28,000 cases of lung cancer* 
Tumor type Frequency (%) 
Squamous cell carcinoma 32.0 
(epidermoid tumor) 
Adenocarcinoma 26.5 
Small cell carcinoma 16.5 
Large cell carcinoma 7.5 
* Percy and Sobin (1983) 
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airways whereas adenocarcinomas and large cell carcinomas are mainly 
peripheral in small airways (Spencer, 1977). The occurrence of different types 
of tumor varies with age at which the cancer occurs. This makes it difficult 
to establish any dependence of tumor type of causative agent-cigarette 
smoking, exposure to radon progeny and other pollutants, or combinations 
of these factors. In the last fifteen years or so, there have also been many 
studies aimed at detecting a correlation between the incidence of lung cancer 
and exposure to radon in dwellings (Samet, 1989; Stidley and Samet, 1993). 
The epidemiological evidence for the induction of lung cancer 
following inhalation of radon comes from underground miners, particularly 
uranium miners. These findings have been summarised and reviewed in the 
reports (UNSCEAR, 1986; 1988. NRC, 1988; IARC, 1988; ICRP, 1991). 
For the quantitative risk analysis, the following studies of uranium miners 
cohorts are of special importance: Bohemia (Sevc et al., 1988; 1993), 
Colorado, USA (Whittermore and McMillan, 1983; Hornung and Meinhardt, 
1987), New Mexico, USA (Samet et al., 1989; 1991), Ontario, Canada (Muller 
et al., 1985; 1989), Saskatchewan (Beaverlodge), Canada (Howe et al., 1986; 
SENES, 1991; Chambers et al., 1992), France (Tirmarche et al., 1992) and 
Port Radium, Canada (Howe et al.. 1987). An excess rate of lung cancer has 
also been observed in iron miners in Malmberget, Sweden (Radford and 
Renard, 1984), fluorspar miners in Newfoundland, Canada (Morrison et al., 
1988), workers in a tin mine in Yunnan, China (Lubin et al., 1990; Xiang-
Zhen et al., 1993) and gold miners in Ontario (Kusiak et al., 1991). 
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1.9.2 Bone cancer 
Bone sarcoma is another type of cancer associated with radium and 
certain radionuclides. The evidence relating exposure to cancer comes from 
studies of painters of luminous watch dials and of patients receiving radium 
injections as well as studies of experimental animals. It is believed that due 
to chemical similarity to calcium, internal exposure to radium and certain of 
its daughters (lead and polonium which appear to be deposited in the bone), 
led to development of bone cancer. In radium dial painters 'head carcinomas', 
(i.e. a rare form of bone sarcoma and carcinomas of the mastoid air cell or 
paranasal sinuses) were also attributed to the accumulation of radon. 
1.9.3 Dose and risk estimates from radon daughters 
Inhalation of radon daughters as a causative agent for the incidences 
of lung cancer has been well established. Radon gas is chemically inactive 
and not bound to tissues where as the radon daughters which are attached to 
the aerosol particles in indoor air deposit on the walls of the respiratory 
tract and irradiate the lung tissues thus delivering radiation dose to the lung. 
Radon during its transit of inhalation and exhalation contribute to the dose 
and is almost negligible compared to the radiation dose by the deposited 
2
-Rn daughters. Major dose is due to irradiation of tissues by alpha particles 
emitted by the radon and its daughters and the ICRP-50 has used a quality 
factor of 20 for the calculation of inhalation dose. Man is exposed 
continuously to naturally occurring radiation sources and the approach for 
specifying the limits in terms of action levels needs to be based on 
epidemiological studies such as the occurrence of lung cancer in humans 
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both in dwellings and work places. International Commission on Radiological 
Protection (ICRP, 1993) has made some recommendations for the control of 
this exposure in both dwellings and workplaces. For dwellings it has adopted 
an action level at 200-600 Bq m 3 and for workplaces 500-1500 Bq m 3 of 
radon concentration. However, the Commission has pointed out that because 
of the uncertainty inherent in any measurement of indoor radon level, some 
flexibility should be allowed in the cases marginally above or below the 
action level. The Commission has also recommended that the remedial actions 
should not be unduly delayed once an elevated level has been found. From 
the exposures of the public to 222Rn and its daughters in dwellings, inhalation 
dose can be calculated using the exposure dose relationship evaluated by 
several groups. ICRP-50 Task Group has given the exposure to dose 
conversion coefficient of 6.3 mSv/WLM for 222Rn and its daughters. For the 
calculation of exposure to dose conversion, the target tissue considered is 
bronchial epithelium. The dose to bronchial epithelium is 5 to 10 times the 
dose to the pulmonary region. The calculated dose to any region depends on 
the lung model used (Weibul model), the Activity Median Aerodynamic 
Diameter (AMAD) of the carrier aerosols (0.2 urn), the unattached fractions 
(0.03) and the breathing rate (12.5 1pm). The clearance rates of the deposited 
radon and its daughters are also considered for the calculations. Most of the 
radon daughters are assumed to decay in the lung where as for radon daughters 
the clearance half-life varies from 0.2 to 1 day depending upon the radioactive 
half-life of the individual daughters. A tissue weighted factor of 0.06 is used 
for calculating the dose to the bronchial epithelium and pulmonary regions. 
According to ICRP, (1977) the risk from lSv effective dose equivalent 
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gives a total likelihood of 1.65 x 10 2 of inducing fatal malignant disease in 
the exposed individual or a serious hereditary defect in the individual's 
descendants. In the case of exposure to radon progeny, only the lung receives 
a significant dose giving a likelihood of 1.65 x 10 2 per Sv of inducing lung 
cancer. The total risk over an individual's lifetime of premature death from 
lung cancer is build up from the effective dose equivalents received each 
year. A person exposed to radon progeny from birth at the rate of 1 mSv/y 
will accumulate an additional l ifetime risk of approximately 60 
(1.65 x 105), or 0.1 % of dying from lung cancer. This value takes into account 
reduced effectiveness of exposure in the age range 50-70 years because of 
latency and competing causes of death. The overall risk from exposure to 
radon progeny is assumed to increase proportionally with dose. 
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2.1 FOR MICROANALYSIS OF URANIUM 
Uranium is found as trace element in all rocks, sands, minerals and 
soils etc. Several techniques such as Mass spectroscopy, Neutron activation 
analyses. Fluorescence, Radiometric method, Fission track method, Delayed 
neutron counting. Alternating current polarography, SSNTDs, are used for 
the determination of trace quantities of uranium. SSNTDs provide cheap, 
rapid and effective technique for the trace element analysis. This technique 
has simplicity, sensitivity and potential capability of micromapping even at 
sub-ppb level of fissionable impurities with (n, f) and others with (n,oc) and 
(p, a) reactions etc. 
2.1.1 Solid phase material 
This technique was suggested by Fleischer et al., in 1975 for bulk 
determination of trace elements. The sample powder of material is 
homogeneously mixed with methyl cellulose powder used as a binding 
material free from uranium. From a fixed amount of this mixture a thin pellet 
of about 1 mm thickness and 1.3 cm in diameter is made. These pellets and 
the pellets of standard glass of known uranium concentration are sandwiched 
between a pair of plastic track detectors capable of recording fission tracks. 
These pellets of samples and standard glass are irradiated with thermal 
neutrons from a reactor. The neutron dose is so adjusted that the tracks may 
not be overcrowded. After irradiation, the detector discs having latent fission 
tracks are separated from the pellets and then chemically etched under 
appropriate etching conditions to reveal the fission tracks. Uranium 
concentration can be calculated using the expression (Jojo et al.. 1994) 
U
x = ^ ( T x / T s ) ( I / l x ) (2.1) 
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where the subscripts x and s stand for the sample and standard respectively; 
T, the fission track density and I, the isotopic abundance ratio of 235U and 
2M
*U. 
2.1.2 Liquid phase material 
A certain volume (~ 0.05 ml) liquid sample is placed on a clean circular 
plastic detector disc using a micropippete already rinsed with double distlled 
water and test liquid. The water droplet on the detector disc are allowed to 
evaporate in still air in an oven. After the evaporation, it will leave a thin 
film of non-volatile constituents present in the water sample on the detector 
disc. Detector disc is covered with another similar circular disc. Each pair 
of detector discs is made to be in intimate contact with the dried specimen to 
form a pellet and are encapsulated in a cylinderical aluminium capsule. A 
standard glass piece of known uranium concentration is also placed in the 
aluminium capsule as a thermal neutron flux dosimeter. A blank pellet of 
detector disc is also kept in the capsule to take care of contamination due to 
uranium present in the distlled water and the detector itself. The capsules 
containing pellets are irradiated with thermal neutrons in the thermal column 
of the reactor. 
After irradiation, the detector discs are separated and washed with 
double distilled water. The clean and dry detectors were etched under 
appropriate etching conditions to reveal the fission tracks. The pattern of 
fission tracks in the detector remain almost circular with high track abundance 
along the rim of the droplet and uniform in the inner region. The regions of 
crowded and uniform tracks are to be mapped out separately to obtain the 
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total number of tracks on the detector. The total number of tracks on a detector 
disc can be obtained by using the relation (Fleischer and Delany, 1976; Jojo 
et al., 1994a) 
N = 2 7t R N , + T C ( R - s)2Na (2.2) 
where, R is the radius of the droplet; N,, number of tracks per unit length 
(N ) along the rim having a width 5 and Na is the number of tracks per unit 
area in the inner region. The neutron fluence (<)) ) can be obtained from the 
irradiated standard glass. 
The uranium concentration, C in liquid samples may be obtained from 
the expression given by Fleischer and Lovett, 1968 
N M 
C = (2.3) 
V G NAE a, <t> I 
A t ~ 
Where, M = atomic weight of fission isotope (235U) 
V = volume of the drop 
G = geometry factor for detection of tracks in the detector [taken 
as unity since the non-volatile residue has a thickness much 
less than the range of fission fragments (Bansal et al., 1992)] 
NA = Avogadro's number 
af = fission cross section for the fissile isotope (580 barns) 
E = etching efficiency of the detector 
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I = isotopic abundance ratio of 235U and 238U (7.26 X 103) . 
2.2 FOR RADON MEASUREMENT 
Many techniques have been established for measuring the 
concentration of radon and its decay products in air. The techniques are based 
on the detection of emissions from radioactive decay of radon and its daughter 
products. Most of the methods are based on detection of alpha particles, 
some on detection of y - emissions while a few utilize beta decays. 
In addition to the type of radiation that is detected, several other 
characteristics distinguish the measurement techniques. An important one is 
whether the technique measures radon or its decay products. In case of decay 
products, whether the individual decay product concentration or potential 
alpha energy concentration is measured. A second major characteristic is 
time resolution for which there are three broad classes. In 'grab sample 
techniques' the analysis of the radioactive content of discreet samples of 
air, usually collected over a short time at a single point, is made. The 
'continuous techniques' are designed to provide information about the time 
dependence of concentrations. The 'integrating techniques' are commonly 
used for survey work or to determine the annual average radon concentration 
of a specific place. Integrated results can also be obtained from a continuous 
record. However, this approach is generally more expensive than making 
direct integrated measurements. 
Due to low concentrations of environmental radon and its decay 
products, the precision and accuracy of the techniques are important issues. 
The uncertainty in measurements arises from several sources, such as random 
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nature of radioactive decay, variations in detector response, interference by 
unmeasured species and unfulfilled assumptions concerning the air being 
sampled. For low radon concentration measurements, uncertainty due to 
randomness of radioactive decay becomes prominent. One can improve 
precision of low level measurements by increasing the volume of air sampled 
or by increasing the sampling or counting time. Some general techniques 
used for measuring the concentration of radon and its decay products in air 
are given below: 
2.2.1 Grab sampling method 
2.2.1.1 Millipore filter paper method 
Radon progeny, both in the form of attached and unattached to aerosol 
particles in the dwelling are collected on a millipore filter paper of type AA 
at a convenient flow rate using a low noise pump. The filter paper sample 
obtained after collecting the radon progeny for about say 30 to 40 minutes is 
counted for its gross alpha counts using an alpha counter. The decay of the 
sample is followed for about 3 hrs, at an interval of 5 min for the first 30 min 
and thereafter at longer intervals. From this decay data, the activity of Ra-A 
(:,8Po) Ra-B (2,4Pb) and Ra-C (2,4Bi) are computed using the method of least 
square analysis (Rangarajan and Datta, 1976). 
The pseudo-ventilation rate V(P) which is the sum of the actual 
ventilation rate and the plate-out rate on the surfaces in the room is estimated 
for the steady-state conditions of radon and its daughter activities in the 
room using the equation: 
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l - (RA/RB) \ 
V(P)= (2.4) 
(RB/RA) 
where RA, RB are the activities and X,A, XB are the decay constant of Ra-A 
and Ra-B respectively. V(P) (in min1) is used to obtain the radon 
concentration C^ in the room as 
RA [ XA + V(P)] 
* A 
The accuracy of this method is controlled by the counting statistics and the 
error can be less than 5% provided the count rate is sufficiently large. 
However, for obtaining the separation of Ra-A from the other progeny, it is 
better to keep the collection time of the sample less than half an hour and to 
count the sample immediately after the collection. 
2.2.1.2 Scintillation cell with phosphor 
Lucas in 1957 designed the scintillation flask consisting of a vessel 
whose inside is coated with ZnS (Ag) phosphor, a viewing transparent window 
and one or two sampling ports each fitted with a valve. The alpha particle 
produced within the vessel strikes the phosphor, generating a flash of light 
which was detected by a photomultiplier tube optically coupled to the vessel 
window. 
A sample of air is admitted into the vessel. The emitted alpha particles 
are counted over a period of time after a delay of few hours which permits 
52 
the ingrowth to radioactive equilibrium of 21sPo and 214Po. The concentration 
of radon in the vessel is thus proportional to the net number of decays 
observed above the background count rate. 
The flask designed by Lucas was of shape of a right circular cylinder 
with a hemispherical cap. The diameter and volume were 5 cm and 100 cc 
respectively. The detection efficiency was 75-80% and a background count 
rate of 0.1 counts/min was achieved. Under these conditions, the uncertainty 
in measuring a sample containing 10 Bq m 3, using a 3 hrs counting time was 
about 30%. Improved efficiency can be achieved by extracting radon from a 
larger volume of air and transferring it to the flask (Ingersoll et al., 1983). 
Other flasks (Barton and Ziemer, 1984) have been designed to reduce the 
fabrication cost or by using a larger volume. 
2.2.1.3 Electrostatic disc method 
The principle of the method is to collect electrostatically the radon 
daughters on a disc type electrode which is maintained at a high negative 
potential in a chamber having filtered air containing radon (Wrenn et al., 
1975). The radon concentration is obtained from the alpha activity collected 
on the disc. The sample collection chamber is 240 mm in diameter and 115 
mm in height and is provided with a swagelock connector for evacuation 
and sampling of the air containing radon. The sample is collected through 
vacuum transfer. The desired electrostatic field can be created in the chamber 
by connecting the charge plate, an integral part of the chamber cover, to a 
power supply (800 volts). The metallic collection disc, 5 cm in diameter 
used for the collection of the radon progeny is kept in contact with the charge 
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plate. The negative potential is applied on the collection disc 10 min after 
the collection of the filtered air sample in the chamber so that the present 
thoron may decay completely. The freshly formed positively charged Ra-A 
(211<Po) atoms deposit on the collection disc. At the end of the collection time 
T, the potential is switched off and the disc is counted for the gross alpha 
activity. The radon concentration (CRn in Bq m ?) in the sampled air can be 
obtained from the expression: 
N 
CR = (2.6) 
Rn
 6 V F Z 6 0 
Where, CRn = radon concentration in the sample air (Bq m ?) 
N = total number of counts registered in the alpha 
counter for the counting time from t1 to t2 min 
delay 
e = efficiency of the alpha counter 
V = volume of the chamber (m3) 
F = collection efficiency for Ra-A (218Po) atoms by the disc 
Z = theoretical factor for the build-up and decay on the disc 
in min (a function of T, t , t2 and the decay constants of 
the radon progeny). 
The factor 60 arises due to conversion from minutes to seconds and F 
is given by: 
F = 0.90 [1 - exp(0.039H - 4.118)] (2.7) 
Here, H is the percentage relative humidity of the sample air. The radon 
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concentration using this technique can be measured upto a minimum 
detectable limit of about 1.7 to 88 Bq m 3 (Srivastava et al., 1984) depending 
on the relative humidity of the sampled air. 
2.2.2 Passive method 
2.2.2.1 Activated charcoal method 
Use of activated charcol (Cohen and Cohen, 1983) is the recent 
development in integrated measurements of indoor radon concentration. The 
most useful configuration has a diffusion barrier to separate charcoal from 
the air to be sampled. A linear concentration gradient is established along 
the barrier and the rate of pollutant concentration is proportional to the 
airborne concentration (Palmes et.al., 1976). After exposure, the quantity 
absorbed by the charcoal is analyzed by gamma spectroscopy. 
A typical charcoal detector (George, 1984) consisted of the canister 
containing about 150 g of compressed activated carbon ranging in size from 
12 to 30 mesh. The carbon bed is cylindrical with a cross sectional area and 
volume of 87 cm2 and 270 cm3, respectively. The end where the filter element 
was removed remains open during sampling, but is sealed airtight with a 
thin metal cover before and after the end of sampling. The amount of radon 
absorbed in the carbon bed is measured by counting the y - rays from the 
decay of radon daughters with Nal (Tl) detector or a Germanium detector. 
Before sampling, any radon in the canister is purged with heated air (100°C 
for five min) or by baking in an oven at 120°C for several his. 
The response of the activated charcol monitor to airborne radon can 
be measured by calibrating the detector at the desired concentration level. 
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The calibration tests should be performed under different laboratory 
conditions of temperature and relative humidity. Using data from the 
calibration tests, an empirical calibration factor (CF) is obtained from the 
expression: 
N 
CF= (2.8) 
E T D F C B 
o s Rn 
Where, N = net counting rate (Cpm) 
E = counting efficiency of the gamma detector for the 
canister geometry (Cpm/pCi) 
T
 s = exposure period (min) 
DF = decay factor for radon from the mid point of 
exposure until the time of counting 
C
 Rn = concentration of radon during the exposure 
(pCi/1), 
CF = calibration factor in pCi/min adsorption for radon in air 
at 1 pCi/1. 
The calibration factor as defined here is the effective sampling rate in 
l.min '. The charcoal adsorption technique is suitable for measuring 
concentrations less than 40 Bq m ? with an integration time of a few days. 
Primary limitation of this technique is that the charcoal does not detect the 
radon it only collects it. Thus due to the 3.82 days half-life of radon the 
exposure period can not usefully be longer than a week. Therefore, this 
technique does not provide a true time average, but rather averages with 
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weighting factor varying exponentially with a time constant equal to the radon 
half-life. The measurement is sensitive to humidity and temperature, but to 
a relatively small degree. For large scale survey work this technique is a 
useful complement to the etched track detector, inspite of the above 
mentioned limitations. 
2.2.2.2 Track etch technique 
Most widely used integrating radon monitors consist of Solid State 
Nuclear Track Detector (SSNTD) or etched track detector. The technique 
(Alter and Price, 1972; Frank and Benton, 1977) is simple to use, relatively 
inexpensive and can be used in a passive and time integrating mode. Passive 
dosimeters have the advantage of relative simplicity of design when compared 
to the active type. Troubles with air pumps and filter sampling are avoided. 
To obtain adequate precision radon exposure of a few weeks to a year are 
needed. 
The principle is based on the fact that heavily ionizing particles passing 
through insulating media leave narrow trail of damage on an atomic scale (~ 
30 - 100 A0). These latent tracks can be enlarged to microscopically visible 
size with each ionising particle producing a distinguishable track through 
preferential chemical etching. In preferential etching the damaged region 
reacts at faster rate with a suitable chemical reagent under suitable etching 
conditions. Number of tracks per unit area in the detector is proportional to 
the average exposure rate and exposure time. Exposure time can range upto 
a year or more, if desired using improved plastic track detectors which retain 
alpha tracks without fading for very long time at ambient temperatures. 
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Using co-polymers of various carbonic acid diesters several detector 
materials have been developed. CR-39 and LR-115 are the two most popular 
track detectors used in radon dosimetry. They are sensitive to alpha particles 
but not to beta and gamma radiations. Also they are unaffected by humidity, 
low temperatures, moderate heat and light. They are passive detectors and 
do not require energy to operate as their detecting property is an intrinsic 
quality of the material they are made of. For indoor measurements, normally 
the CN films are used as they are very specific to alpha radiation detection. 
The 12 urn thick CN films on a 100 urn thick polyester base can be stripped 
off after etching in the case of pelliculable type of film and the alpha tracks 
can be counted using an optical research microscope or a spark counter. The 
films can be exposed in different modes to measure the concentration of 
radon and its progeny. 
The track etch detectors have also been used as 'active dosimeter' and 
have been tested on working miners (Auxier et al., 1971). Ambient air is 
drawn through an air flow system. A ring mounted strip of thin track detector 
is fixed near the sampling filter to record alpha particle emissions from radon 
and its daughters. The etched tracks can be counted by a microscope or spark 
counter. Measurements in a controlled environment yield good accuracy and 
a linear response. 
The expenses involved in active personal dosimetry make the passive 
dosimeters very attractive for large scale monitoring. Several configurations 
have been developed for using track etch detectors for indoor radon 
measurements. 
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In different modes of exposure one can est imate the radon 
concentrations in Bq m 3 and the Potential Alpha Energy Concentration 
(PAEC) of radon progeny in terms of WL units. 
(a) Exposure in bare mode 
In this mode, a detector piece of 2 cm x 2 cm is mounted on thick flat 
paper card which is hung on the wall such that it views a hemisphere of air 
of radius at least 6.9 cm, the range of 214Po a-particle in air. No surface 
should be closer than this range as daughter plate-out would act as an 
indeterminant a-particle source. The bare detector registers radon as well 
as ambient daughter tracks plating out directly on the detector. The track 
density of a bare detector will, therefore, be a function of radon progeny 
concentration in air. 
(b) Exposure in open cup mode 
In this mode radon diffuses into a closed chamber where the radon 
and its daughters in a given volume and the plate-out from walls of the 
chamber register track in the detector. A plastic cup of the known height and 
diameter is fitted with a plastic track detector attached to the inside bottom 
of the cup. This 'cup mode' exposure is used in soil air measurements for 
mineral exploration and detection of seismic events. The assembly of detector 
can also be used for the radon exhalation study from different material 
surfaces. In addition to radon gas, alpha particles from 218Po and 214Po due to 
the plate-out from the walls of the cup are also registered on the track detector. 
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(c) Exposure in cup with membrane mode 
In this mode of exposure the detector film is fixed to the bottom of a 
cup of about 6.7 cm height and 6.5 cm diameter. The open end of the cup is 
covered with a permeable plastic membrane (Ward et al., 1977; Fleischer et 
al., 1980) of suitable thickness which provides enough delay during the 
diffusion of radon and thoron gases, so that the thoron gas decays completely 
before it can enter into the volume of the cup. The radon and thoron progeny 
in the indoor atmosphere do not pass through the membrane. Thus the cup 
volume contains only radon. Radon in the cup decays to form its progeny 
atoms which remains airborne partially, the rest depositing on the walls of 
the cup in a certain geometry which is reproducible since they are all in 
unattached form. The irradiated film in this exposure can be calibrated to 
measure radon concentration and is known as 'Radon only' device. 
(d) Exposure in cup with filter mode 
This mode of exposure is similar to the cup with membrane exposure 
except that the membrane is replaced with a filter paper (glass fibretye; 
Celanese Corp., Celgard 4510). In this configuration both radon and thoron 
can diffuse into the volume of the cup. Whereas radon and thoron progeny 
in the indoor air are retained on the surface of the filter. Most of the 
Unattached progeny atoms from the decay of radon and thoron present in 
volume of the cup deposit on the walls and provide a fixed geometry for the 
irradiation of the film. Therefore, the sum of radon and thoron concentration 
can be obtained. The difference between (c) and (d) modes will provide the 
thoron concentration. This configuration is also preferred to the membrane 
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in all radon only applications where thoron is not an important component. 
2.2.3 Exposure due to radon and its daughters 
2.2.3.1 Working Level (WL) 
The 'Working Level' is used for the radon daughter exposures. It 
describes how much energy is found in the alpha particles in a litre of air. 
Working Level is used to describe the potential alpha energy concentration 
of radon progeny. The WL unit was introduced in 1957 by the USPHS with 
the words 'a working level of 1.3 x 105 MeV of potential alpha energy per 
litre is suggested for radon daughter products (RaA, RaB and RaC)'. 
According to Evans (1969), one Working Level is any combination of the 
short-lived daughters of radon (RaA, RaB, RaC and RaC) in one litre of air 
that will result in the ultimate emission by them of 1.3 x 105 MeV of alpha 
particle energy. 
The airborne radiation exposure of the human lung is predominantly 
due to radon decay products RaA, RaB, RaC and RaC filtered out of the 
respired air by the lung, and not due to the radon gas. Accordingly, the 
Working Level unit takes no cognizance of the concentration of radon in the 
air. It is concerned with only the short-lived decay product of radon because 
a fraction (typically 20-45%) of all of these which are inhaled is retained in 
the lung. The WL is concerned with only the alpha radiation because the 
beta and gamma radiations emitted by RaB and RaC make a negligible 
contribution to the radiation dose to the lung. Eveiy atom of the beta-particle 
emitters RaB and RaC will decay, most of them within minutes or hours, 
into R a C and then will deliver the characteristic 7.69 MeV alpha particle of 
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R a C . Hence the alpha-particle energy associated with each atom of RaB 
and RaC is referred to in some definitions of WL as 'Potential Alpha Particle 
Energy'. 
As shown in table 2.1, for each decay of a RaA atom there will 
eventually be two alpha particles emitted, one of 6.00 MeV from RaA and 
one of 7.69 MeV emitted by RaC. Thus the total alpha particle energy emitted 
due to the 100 pCi of RaA radionuclides present is 0.134 x 105 MeV. The 
total energy emitted by the short-lived progeny of 222Rn is 1.28 x 105 MeV. 
This is roughly the 1.3x105 MeV stated in the definition of workling level. 
2.2.3.2 Working Level Month (WLM) 
For radiation exposure, the Working Level unit of short lived radon 
daughters concentration should be multiplied by an average breathing rate 
in 1/min, by an average fractional retention in the lung and by the duration 
of exposure. Actually the breathing rate and the fractional retention are 
generally omitted, and exposure is estimated as a product of Working Level 
and time. Most commonly the unit of time is an average month, that is 170 
working hrs. Then the exposure is expressed as 'Working Level Month', the 
product of WL and duration of exposure, normalized to a 1-month exposure 
basis. 
Table 2.1:- Decay characteristics relating to the determination of the definition of a Working Level. 
Radionuclides 
- R n 
2 ,To 
2 , 4 , , b 
2,4Bi 
2 M , , 0 
Historical 
name 
Rn 
RaA 
RaB 
RaC 
Ra C 
Type of 
radiation 
Alpha 
Alpha 
Beta 
Beta 
Alpha 
Half-life 
(T ) 
v
 Ml' 
3.82 days 
3.05 min 
26.80 min 
19.70 min 
164 us 
Number of 
atoms per 
3700 Bq m 3 
1.76xl06 
977 
8590 
6310 
0.0009 
Alpha particle 
energy for 
complete decay 
per atom (MeV) 
1 Excluded 
13.69 
7.69 
7.69 
7.69 
Total 
Total alpha 
particle energy 
for complete 
decay (MeV) 
— 
0.134x10s 
0.651x10s 
0.485x10s 
0.000x10s 
1.280xl05 
•» 1.3x10s 
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3.1 INTRODUCTION 
In the early sixties, Solid State Nuclear Track Detectors (SSNTDs) 
were introduced as an important tool for application in nuclear science and 
technology. However, in recent years there has been a significant increase 
in the use of these detector materials in the field of radiation protection. In 
several important laboratories of the world the insulating solids including 
natural, volcanic and man-made glasses (phosphate, soda-lime, tektite, 
silica, flint, granite and obsidian etc.), minerals (mica, apatite, granite, 
sphene, zircon, quartz, epidote, feldspar and diopside etc.) and organic 
polymers or plastics (cellulose nitrate, cellulose acetate, cellulose triacetate, 
polycarbonate, polyethlene terephthalate, CR-39 etc.) are being used as 
detectors for nuclear heavy charged particles detection. The principle of 
detection of heavy charged particles passing through most insulators leads 
to the formation, at microstructural level, of narrow regions of radiation 
damaged matter called 'Latent Track'. The physical, chemical and other 
properties along and around the path of the charged particle are changed in 
comparision to the other bulk material of the solid. The insulating material 
in which the latent track can be recorded by the passage of nuclear charged 
particle is called 'Solid State Nuclear Track Detector (SSNTD)'. These tracks 
cannot be seen by naked eye or under optical microscope. As the damaged 
region of the solid dissolves faster in an appropriate etching solution than 
the bulk material, the latent tracks can be enlarged to few microns by chemical 
etching comparable to the wavelength of visible light and thus become visible 
under an optical microscope at ordinary magnifications. 
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3.2 HISTORICAL IMPORTANCE OF SOLID STATE NUCLEAR 
TRACK DETECTORS AND THEIR APPLICATIONS 
E.C.H. Silk and R.S. Barnes discovered the first fission tracks in the 
late 1950's at the British Atomic Energy Research Establishment at Harwell 
(England) by exposing samples of crystalline mineral mica to ions produced 
by the fission of heavy elements. Ions were slowed and finally stopped 
through a series of interactions with the atoms in the crystal lattice of the 
mineral. They left thin linear tracks that were visible at extremely high 
magnification. 
D.A. Young (1958) also reported nuclear tracks in dielectric solid by 
observing etch-pits of fission fragments in a thick sample of Lithium Fluoride 
(LiF) using an optical microscope. He reasoned that with respect to chemical 
properties, the damage trail of fission fragment is similar to that of 
dislocation. He argued that the free energy of the atoms of the damaged 
region are higher than the surrounding undamaged material and this region 
should be preferentially attacked by a suitable chemical reagent. 
Silk and Barnes (1959) observed that the fission fragments from 235U 
in mica could be observed with the help of transmission electron microscope. 
The diameter of diffraction constrast images of the fission tracks was 
observed about 100A°. However, in the natural mica that they used, the tracks 
were seen for short duration because they faded quickly under the impact of 
electron beam of the electron microscope. But until 1962 both these papers 
remained unnoticed, when a group of investigators, Price and Walker (1962a) 
working at the General Electric Research and Development Centre in 
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Schenectady, New York repeated the observations of these earlier workers. 
They also observed that the latent damage trails in mica could be 
preferentially etched and seen under an optical microscope. (Price and Walker, 
1962b, 1962c). Soon after Fleischer also joined this group and pointed out 
that the spontaneous fission of the small amounts of uranium present as an 
impurity in different rocks would leave such tracks in crystals of the rock. 
Due to fission of 238U, the two halves of its nucleus recoil from each other 
and leave a characteristic track. They also indicated that track etching was a 
general phenomenon and that the nuclear tracks could be etched and seen in 
glass as well as in plastics apart from the minerals (Fleischer and Price 1963; 
1963a). After realizing the generality of track etching in several dielectric 
solids, Price, Walker and Fleischer did tremendous work together at GEC 
on this new class of nuclear detectors and thus established a new field called 
Trackology'. After the publication of first review paper of Fleishcher et al., 
(1965a) many scientists started working on SSNTDs and their applications 
in different laboratories of world which led to the growth of fundamental 
knowledge and technological applications. 
Due to their several useful features, the SSNTD's have been extensively 
used in almost all branches of nuclear science and technology, health physics, 
environmental sciences, earth sciences etc. The wide applications of SSNTDs 
include nuclear physics and cosmic rays for the measurement of low cross 
sections in nuclear reactions ejecting light charged particles identification 
of charged particles in cosmic rays, search for superheavy elements, neutron 
dosimetry, neutron flux mapping, space radiation dosimetry, fission rate 
measurements, life time measurements of heavy unstable nuclei etc.; in 
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geophysics, the age determination of minerals and glasses and estimation of 
their content; in geology and archaeology, in environment and life sciences, 
radon dosimeters for measuring radon emanations from building materials 
and in dwellings; in health physics applications; microdistribution and 
microanalyses of some typical trace elements like boron, uranium, lithium, 
lead, plutonium, bismuth and many other fields. Thus, it can be concluded 
that Solid State Nuclear Track Detection Technique has grown to such an 
extent that there is hardly any branch of science and technology where 
SSNTDs have actually not been used. 
3.3 ADVANTAGES OF SOLID STATE NUCLEAR TRACK 
DETECTORS 
SSNTDs have many useful features which make them advantageous 
over other conventional nuclear detectors like ionization chamber, 
proportional counter, Geiger Muller counter, cloud chamber, scintillation 
counter, nuclear emulsion, bubble chamber, spark chamber and semiconductor 
detectors etc. Some of the advantages are: 
(i) These detectors are very cheap and can be obtained in very small 
as well as very big sizes and they can be used very conveniently. 
(ii) These are insensitive to sun light, X-rays, 0-rays and y-rays etc. and 
do not require any dark room for processing. 
(iii) A permanent record of particle tracks is obtained in these detectors 
and can be stored for very long time. They are unaffected by 
environmental conditions. 
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(iv) These are threshold type detectors and this property can be very useful 
for the detection of heavy charged particles. The fission fragments 
and heavy charged particles can be recorded and distinguished in the 
presence of very high back ground of lighter charged particles like 
4He. :H. 'H. B-particles, x-rays, y-rays and even neutrons. 
(v) These detectors also possess the charge and energy discrimination 
properties. The resolution for high Z-particles obtained with plastic 
detectors has recently been reported to be better than that with nuclear 
emulsions. 
(vi) The etching process for revealing tracks in these detectors is very 
quick and simple as compared to nuclear emulsions. 
(vii) If the detectors are placed in direct contact with the source, a vary 
high efficiency and sensitivity can be obtained. 
(viii) The detectors have considerable amount of geometric flexibility and 
are. therefore, particularly useful in angular distribution 
measurements. 
Besides the above advantages of the SSNTDs there are some 
disadvantages with them: 
(i) During the etching process only a part of the total etchable track 
length of the particle trajectory can be seen and the remaining part 
that has been etched off can not be recovered. 
(ii) Although charge and mass resolution of particles has been possible 
with them, an accurate energy resolution has still not been possible. 
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(iii) The monitoring of the experimental observations is not possible 
during the experiment. 
3.4 TRACK PRODUCTION MECHANISM IN SOLIDS 
It has been observed that certain particles have a capability of 
producing tracks while passing through a certain solid whereas others donot. 
It is due to the intrinsic properties like mass, charge, velocity of the incoming 
particle and the composition of the dielectric solid. In solids the tracks formed 
by charged particles are narrow (<50 A0 radius), stable and chemically 
reactive centres of strain that are composed mainly of displaced atoms rather 
than the electronic defects (Fleischer et al., 1975). It has been found that 
two different mechanisms of track formation exist : one for the inorganic 
solids and glasses and the other for organic solids or polymers (plastics). 
Several models have been proposed by different investigators to explain the 
mechanism of track formation. These include direct atomic displacement 
model (Lindhard and Scharff, 1961), ion explosion spike model (Fleischer 
et al., 1965d), thermal spike model (Bullough and Gilman, 1966). the 
restricted energy loss criterion (Benton, 1967), the secondary energy loss 
criterion (Kobetich and Katz, 1968) and the primary plus secondary damage 
criterion (Monnin. 1970) etc. The 'ion explosion spike model' is found to be 
most suitable model for track formation mechanism in inorganic solids. 
3.4.1 Tracks in inorganic solids 
An inorganic solid consists of a systematic array of atoms. When a 
heavy charged particle passes through a solid it excites as well as ionizes 
the atoms of solid in its way . In the case of inorganic solids the primary 
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damage that results from the excitation and ionization caused by the incident 
heavy ion is believed to be mainly responsible for the development of an 
etchable track i.e. for higher chemical etchability of the damaged trails. There 
are strong evidences to accept that the secondary effects of delta rays are 
unimportant in inorganic solids (Maurette, 1970; Seitz 1972). 
According to the ion-explosion spike model the tracks in the case of 
inorganic solids are believed to be formed in three steps as shown in figure 
3.1. First the electrons are knocked out by the incoming heavy ion from the 
atoms in its way, thus creating an unstable array of adjacent +ve ions (Figure 
3.1a). The charge centres or +ve ions so created repel and knock one another 
away from their normal sites into the interstitial positions in the crystal lattice, 
thus creating vacant lattice sites due to their coulomb repulsive forces (Figure 
3.1b). Thereafter the elastic relaxation reduces the intense local stresses by 
spreading the strain more widely (Figure 3.1c). Due to the creation of the 
long range strain in the third step, it is possible to observe the latent damage 
trails using the Transmission Electron Microscope (TEM). 
The damage produced by atomic collisions consists of displaced atoms 
and resultant vacancies. According to the model the pressure due to coulomb 
repulsive forces inside the ionized channels must be greater than the force 
due to coherent attractive forces in the atomic lattice. Fleischer et al., (1965d) 
predicted that plastics are more sensitive than glasses and glasses are more 
sensitive than crystals of minerals. Second condition for formation of latent 
track is that the positive ions produced in the channel should not recombine 
with the electrons within S10"13 sec, the time required for the ions to be 
removed from their lattice points. It is possible only in those substances 
72 
/ T ^ Incident /Electrostatic 
heavy ion ' displacement 
/ / 
o o o o e / o o 0 0 0 9 / 0 0 
o o o o ,© o o 0 0 0 c x / ^ 0 o 
o o o ©/© 0 0 0 0 © 0 /0 o o 
o o o © © o o o 9 o / © o o 
0 0 0 / © 0 0 0 0 0 ^ 0 0 
o o ©' © o o o O ©r/ 0 0 0 0 
o o ,© o o o o 0 0 / ^ 0 0 0 
/ 
/ 
(a) / (b) 
/ 
/ Relaxation and /elastic strain 
CXCXOkO/OO-O 
c\cxo / © o ^ o 
a . ex© / 00 -0 
o<© / o 0 0-0 
a a// o ©xro 
a. 0/0 o oxro / 
/ 
' ( c ) 
Figure 3.1. Track formation in inorganic solids. 
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which have electron density less than 1020 electron/cm3. Due to this reason 
(high electron density) tracks are not formed in thick metal sheets, whereas 
in very thin metal sheets steady tracks were observed (Somogyi, 1964) as 
the density of free electrons was different in them as compared to the mass 
substance. The appearance of tracks in metal films depends upon the structure 
and thickness of the layer. 
The third condition for the latent track formation is that the dielectric 
substance must have a low hole mobility in order to avoid recombination of 
ionized atoms and electrons. Therefore, the materials whose hole mobility 
is greater than 10 cm2/volt.sec. tracks will not be registered in them. Hence 
metals and several semiconductors (e.g. Ge, Si etc.) are also excluded from 
the list of track storing substances. The fourth condition is that for selective 
chemical etching, the most successful method of track revelation available 
today, the developable areas destructed by incident particle must be 
continuous to the atomic extent along the trajectory of the charged particle. 
This requires at least one ionization per atomic plane created by the charged 
particle. 
3.4.2 Tracks in organic polymers or plastics 
In organics polymers or plastics the atoms are arranged in a chain like 
structure. The passage of a charged particle causes the breaking of chains 
and production of free radicals which leads to a permanent change of 
molecular structure (Figure 3.2). In this case both the primary and secondary 
ionisation and excitation are believed to play important roles in the production 
of etchable tracks. 
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Figure 3.2. Track formation in organic polymers (plastics). 
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One of the important criterion for the track formation in polymers is 
the restricted energy loss criterion (Benton, 1970) in which 5-rays play an 
important role and contribution of these rays in depositing the energy 
sideways of the trajectory of the incident ion is very significant (Kobetich 
and Katz, 1968). According to this criterion, the secondary electrons having 
the energy W less than a predetermined value W , in addition to the primary 
ionization, contribute in the track formation. If the energy density is greater 
than a certain minimum value depending upon the nature of the detector, the 
particle can form an etchable track in the detector. The restricted energy 
loss is calculated by the following relation: 
dE n e4 Z „ W W eff max o 
ln[ -p2-5-U] (3.1) 
_ dX_L
 w 87te 2m C2 (32 I2 
For the purpose of fitting this equation to experimental data, Wo is taken as 
200, 350 or 1000 eV. This quantity (dE/dX)w<Wo varies with ion energy (E) 
in a manner rather similar to primary ionization. Siegmon et al., (1976) have 
found that it fits track data for Fe isotopes in plastics equally well as it does 
primary ionization. The choise of Wo as a fitting parameter introduces a 
certain arbitrariness into REL calculations. Also even electrons of energy 
-350 eV will deposit some of their energies far from the track core, so the 
physical basis of Wo is not clearly understood. 
3.5 TRACK REVELATION AND COUNTING 
3.5.1 Preferential chemical etching 
Out of a number of etching techniques available, the chemical etching 
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technique of tracks revelation is the simplest and convenient one. It has been 
most widely used for all types of SSNTDs. After the irradiation by different 
heavy ions, it is the process of chemical etching that makes these tracks 
visible under the optical microscope. The radiation damage trails are more 
susceptible to chemical reagent as compared to other undamaged bulk 
material this is because of the large free energy associated with the disordered 
structure. Each SSNTD has its own etch parameters. The shape and size of 
the track formed by chemical etching depend on many factors such as the 
direction of entrance of charged particle into the detector surface, type of 
charged particle, nature and crystal orientation of detector material, the 
concentration and temperature of the etchant, the presence of impurity in 
the etchant and time of etching etc. In the etching process, the etching solution 
is so chosen that it gives maximum efficiency and the surface of the detector 
remains optically transparent after etching. For maintaining constant 
temperature, the electrical water bath is used which can control the 
temperature of the etchant within the accuracy of ± 1°C. 
Stirring also has an importance in etching process to keep the 
temperature as well as concentration of etchant uniform. Sometimes it is 
found necessary to continuously stir the etching solution. For this purpose 
the etching flask (Enge et al., 1975) may be used. 
The rate of chemical attack along the trails of radiation damage is 
called track etch rate, VT and that along undamaged bulk material is called 
bulk etch rate, VB. The shape of the track depends upon the ratio of the track 
etch rate VT to the bulk etch rate VB. The activation energy for the damage 
region is higher as compared to that of remaining bulk material. Therefore. 
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VJ/VB>1 and thus the etchant produces a conical etch-pit having a cone angle 
(Figure 3.3). 
3.5.2 Critical angle of etching (0c) 
For etched track to appear, there is a certain critical angle (0c), the 
angle between the plane of the material and the direction of incident particles, 
below which tracks will not be registered by chemical etching although the 
condition VT>VB is satisfied. To understand it consider a charged particle is 
incident at an angle (0) with respect to the detector surface as shown in figure 
3.3. After the etching time t, the etched track length will be V r t and the 
thickness of removed bulk material will be VB.t. Obviously, the recorded 
track will be observable only if the vertical component of VT.t i.e. V r t sin0 
is greater than Vg.t. 
Critical angle is given by 
V r t Sin0c = VB.t (taking 0 = 0c) 
ec = Sin '( ) (3.2) 
Generally VB is much smaller than VT and almost all the tracks appear in the 
detector and are cylinderical in shape when VT>VB. 
3.5.3 Etching efficiency (r\) 
The etching efficiency ( r|), is defined as the fraction of latent tracks 
in a detector that can be revealed by etching under specific conditions. 
No. of tracks revealed by etching on the surface 
No. of particles intersecting the 
\f , ' -ft 
i x :57 9 6 { 
Ion 
0/2 
\ 
57 
V* 
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Original surface 
Etched surface 
Original surface 
Etched surface 
5 J_Sw Original surface 
V f c 
Etched surface 
Figure 3.3 (a) Shows the shape of the etched track when 
vB/vT < l. 
(b) No track formation, as the surface is removed 
at a greater rate than the normal component of 
V 
(c) sin VD/V„ is the critical angle 6_ above which 
tracks are registered. 
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As tracks due to incident particles which approach the surface at an angle 
less than 9
 ccan not be revealed by chemical etching, the etching efficiency 
is given by 
TI = 1-Sin0 
TI = 1 - (3.3) 
3.5.4 Sensitivity of the detector(S) 
The ratio of track etch rate to bulk etch rate (V^Vg) which determines 
many characteristics like energy, mass and charge resolution of the detector 
is known as the sensitivity (S) of the detector and is defined as 
S = (3.4) 
V B 
It is an important factor in the field of SSNTDs. 
After chemical etching the detector has to be washed thoroughly in 
flowing tap water for a period of 10-15 minutes and then washed with double 
distilled water . Glass detectors are finally washed with alcohol. The washed 
detector is picked up with twizzer and is dried by keeping it at about 50 cm 
away in front of an infrared lamp or a hot air blower in order to avoid probable 
track fading due to heating (Somogyi, 1972b). Detectors are also dried 
overnight in laboratory air at room temperature by some scientists. 
3.5.5 Counting of tracks 
(i) Optical microscope 
It is the most suitable method used for counting the tracks in SSNTD's. 
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After the chemical etching of a SSNTD, the tracks of particle can be easily 
counted by an optical microscope under ordinary magnification. In the case 
of normal or near normal incidence, the microscope can be focussed on the 
surface of the detector where the intersection of the conical tracks with the 
surface is observed as dark circular spots. The tracks can be easily 
distinguished from the background scratches etc. in the detector. Optical 
microscope has been found to be highly useful and convenient for obtaining 
track parameters and densities, although the counting through a microscope 
is a very cumbersome process. 
(ii) Spark counting system 
The spark counting technique was first devised by Cross and 
Tommasino, (1970). This technique is very common in most of the 
laboratories because it is efficient, fast, reliable and does not require highly 
expensive and sophisticated equipment (Monin, 1980). It is especially useful 
for counting low track densities. In this technique a thin detector (10-20 urn 
thick) in which the tracks are etched through is placed between a flat high 
voltage electrode and a thin aluminium electrode. The thin Al-electrode is 
an aluminized polyster film such as aluminized myler. Through an RC 
network a high DC voltage is applied which causes a spark to occur through 
one hole in the film. The energy carried by the spark is sufficient to evaporate 
a large area (<0.1 mm in diameter) in the thin Al-electrode , leaving the 
corresponding hole electrically isolated which inhibits the occurance of 
further spark in it. The spark, therefore, passes through another hole, jumping 
from one hole to another until it has passed through all the holes and the 
discharge then stops. As a result, the thin Al-electrode, once removed, exhibits 
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the distribution pattern of the tracks on the origional detector and allows 
their counting by naked eye, if not too numerous. The current pulses of the 
sparks can also be counted directly by the scalar. 
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MEASUREMENTS % 
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4.1 INTRODUCTION 
Natural radiation is present throughout the biosphere due to radioactive 
elements and their decay products in the earth and other natural processes. 
Uranium is present every where in different concentration in soils and rocks. 
The emanation of a-radioactive radon is associated with the presence of 
radium and its ultimate precursor uranium. The monitoring of indoor radon 
levels has acquired a significant importance all over the world from the public 
health point of view. Since it occurs in nature, man has always been exposed 
to radon and its short-lived daughter products mainly through inhalation. 
Doses from the inhalation of radon and its daughters in dwellings dominate 
over those from all other components of natural radiation (UNSCEAR, 1992). 
Radon (222Rn), through its radioactive daughters has long been known to be 
a causative agent for lung cancer prevalent in uranium miners (Sevc et al., 
1993; Kunz et al., 1978; Samet et al., 1984). The inhaled radon daughters 
can deposit in the lung tissue and cause damage by oc-emission. Health 
hazards of radon and its progeny have been studied widely in the last two 
decades throughout the world. High indoor radon activity is believed to 
contribute significantly to lung cancer. Recently there has been increasing 
concern over the lung cancer risk to large population exposed to supposedly-
lower indoor radon concentrations (Stranden, 1980). 
Several case control and ecological studies have shown the relation 
between domestic radon exposure and lung cancer (Blot et al., 1990; Cohen, 
1993 ; Pershagen et al., 1994). The risk of lung cancer due to exposure from 
radon decay products depends directly on the total commulative exposure 
which is defined as the annual average exposure times the years of exposure. 
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A large number of indoor radon surveys have been carried out in several 
countries (UNSCEAR, 1977; 1986; 1988; 1993). These surveys revealed 
extremely large variation in radon levels ranging from few Bq m~3 upto 10,000 
Bq m \ In United States of America and many European countries, domestic 
radon exposure is one of the most important source of environmental radiation 
exposure received by the general public. Our laboratory has reported indoor 
radon levels ranging from 20 to 371 Bq m 3 depending upon the geological 
situations (Khan et al., 1989; 1991; Singh et al., 1997). Relatively high indoor 
radon concentrations have been found in some high background areas of the 
country (Subba Ramu et al., 1990). 
The distributions of 238U and 226Ra in soils and rocks are the main 
source of indoor radon and its daughters with the additional emission from 
building materials, water and natural gas representing a relatively small 
contribution to indoor radon exposure. The emanation of radon from the soil 
depends not only on the 238U and 226Ra contents but also on the nature of the 
host mineralogy, the porosity, grain size, moisture content and the 
permeability of the host rock and soil (Akerblom et al., 1984; Ball et al., 
1991; Grasty, 1994). Therefore, soil gas radon levels are a useful indicator 
of the radon potential of a particular region. Furthermore, the local geology 
of the underneath soil has also been used as an indicator to predict the radon 
potential of an area (Crameri et al., 1989). 
Radon in dwellings originates from emanation by walls, floors and 
ceilings and also depends on the construction material. Subsoil emanation 
of radon in indoor air is also considered to be a potential source of indoor 
radon. Uranium is present everywhere in different concentrations in soils 
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and rocks and their contribution to indoor radon will also vary regionally. 
The conditions prevailing in India with respect to people's life-styles, building 
construction type, topography and meteorological parameters are greatly 
different from those prevailing in temperate countries. To ascertain the 
prevailing indoor radon levels in our country, several laboratories in different 
parts of the country have started the measurements way back in 1986 
including the Health Safety & Environment Group of Bhabha Atomic 
Research Centre, Bombay and reported indoor radon levels ranged from 1.5 
Bq m 3 to 2000 Bq m 3 (Kumar, 1994) while the normal levels one encounters 
are in the range of 10 Bq m 3 to 60 Bq nr3. 
4.2 METHODOLOGY 
The passive time-integrating method of using a solid state nuclear track 
detector was employed for measuring the Potential Alpha Energy 
Concentration (PAEC) of radon daughters in Working Level (WL) units. The 
Kodak LR-115 type II track etch detector was used in bare mode. The piece 
of detector film (2 cm x 2 cm) fixed on a thick flat card was exposed for a 
period of 100 days. The detectors were mounted on a thick card in such a 
way that it viewed a hemisphere of air of radius 6.9 cm, the range of 214Po 
alpha particles in air. No surface should be closer than this range as daughter 
plate-out would act as indeterminant alpha particle source. The tracks 
registered in the detector due to alpha particles in unit area will, therefore, 
be a function of radon daughter concentration in air. The detectors were 
placed in the room where the occupants of the house spent most of their 
time. The detectors were either hung in an interior surface or placed on a 
horizontal surface so that it was exposed to room air. They were not to be 
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installed near any heat or air-conditioning source and not to be dusted. 
To obtain the PAEC of radon daughters in WL, it is essential to calibrate 
the detectors with known radon daughter concentrations in a radon chamber 
under conditions almost similar to those which prevail in Indian dwellings. 
The calibration experiment was performed under controlled conditions and 
the details of the experiment are given elsewhere (Jojo et al., 1994). The 
PAEC in WL of radon daughters was calculated by using the calibration factor 
of 442 tracks cm 2 d ' per WL. 
After the exposure, the detectors were brought back to the laboratory 
and chemically etched in 2.5N NaOH solution at 60±1°C for 90 minutes in a 
constant temperature water bath. The resulting tracks due to alpha particles 
from radon progeny were counted by using a binocular research microscope 
under magnification of 400X. 
In some dwellings, the detectors were exposed in duplicate for quality 
control. The precision of the duplicate sample pairs was evaluated as a percent 
relative mean deviation (%RMD) calculated as 
a - A 
9c RMD = X 100 (4.1) 
A 
where a is the either sample value for the duplicate pair, and A is the mean 
value of the duplicate pair. 
4.3 ESTIMATION OF LUNG CANCER RISK 
In the evaluation of indoor radon risk, the time spent at home, outdoors 
and elsewhere has to be taken into account. In this region, people spend 
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about 70% time indoors. This occupancy pattern is very similar to that used 
by UNSCEAR (1993) for its worldwide calculations of indoor exposure and 
by ICRP(1993). 
The average lifetime risk of lung cancer has been estimated on the 
basis of the following data: an average life expectancy of 70 years, a lifetime 
risk factor of 2.8 x 104 WLM ' as given by ICRP (1993) and average 
equilibrium factor between radon and its decay products of 0.42 as found in 
Indian dwellings (Ramachandran et al., 1995). It has to be pointed out that 
the absolute lifetime risk factor proposed by ICRP (1993) is based on the 
relative risk factors projected over a 'reference' population (Land and 
Sinclair, 1991) with male and female base line lifetime risk of lung cancer 
equal to 0.042 and 0.016 respectively with an average of 0.029. 
4.4 RADON LEVELS IN HILLY REGIONS 
In the present study, measurements of radon levels in about 150 
dwellings in hilly regions such as Kohima (Nagaland), Palampur and Baijnath 
(Himachal Pradesh) and Dehradun (Uttar Pradesh) have been under taken. 
Kohima, Palampur and Baijnath are supposed to be high background areas 
(Subba Ramu et al., 1990). Kohima in Nagaland, the North-Eastern region 
of India is situated at major plateau boundry (Subduction zone). It has mainly 
sedimentary rocks and is expected to have rich uranium deposits. Similarly, 
Dehradun is supposed to be a normal background area. Palampur and Baijnath 
in Himachal Pradesh, are situated in hills of northern Indian state of Himachal 
Pradesh which is close to Himalaya. The life style and building construction 
of these regions are different from the other part of the country. The 
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measurements were made in winter season in which the rooms remains closed 
for a longer time to conserve the heat. In winters high radiation levels are 
possible by the accumulation of radon gas. 
4.4.1 RESULTS AND DISCUSSION 
The results of these three measurements are shown in tables 4.1 to 
4.4. The geometrical mean (Table 4.4) of the concentrations in Kohima 
(Nagaland). Palampur and Baijnath (H.P.) and Dehradun (U.P.) measured by 
etched track detectors are 88 Bq m \ 134 Bq nr3 and 57 Bq m 3 with the 
geometrical standard deviations of 1.7, 2.3 and 1.7 respectively. There is a 
statistically significant difference between the geometric means of the 
concentrations in these places. Figures 4.1 to 4.3 present the measured radon 
concentration distributions and show that in all three places radon 
concentrations vary appreciably from dwelling to dwelling. The log-normal 
distribution is widely accepted for describing radon results from surveys of 
single family detached dwellings (Nero et al., 1986; Ronca-Battista et al., 
1994). This implies that on a logarithmic scale, radon concentration may be 
depicted approximately by the normal distribution. The radon distributions 
in the present measurements are found to be approximately log-normal in 
Kohima (Nagaland) and approximately bi-modal in Palampur and Baijnath 
(H.P.) and also in Dehradun (U.P.). Measurements are in progress to collect 
enough data to separate the houses with higher concentrations from those 
houses with lower concentrations to find features responsible for the 
difference. 
Normal probability plots for the houses of these three places are shown 
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Table 4.1:- Indoor radon levels in Kohima (Nagaland). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d ') (mWL) (Bq m3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
5.5 
3.5 
2.3 
4.2 
4.2 
3.7 
5.4 
4.7 
3.5 
1.5 
3.8 
7.4 
33 
6.5 
3.6 
4.8 
9.8 
4.7 
9.0 
6.7 
6.5 
2.7 
5.5 
6.8 
1.1 
3.9 
8.5 
8.1 
9.3 
4.8 
1.9 
3.5 
12.4 
7.9 
5.2 
9.4 
9.5 
8.3 
12.1 
10.6 
8.0 
3.4 
8.5 
16.6 
7.4 
14.6 
8.1 
10.9 
22.2 
10.5 
20.3 
15.1 
14.6 
6.0 
12.4 
15.5 
2.5 
8.7 
19.2 
18.4 
21.0 
10.8 
4.2 
8.0 
101.9 
65.3 
43.0 
77.5 
78.3 
68.5 
99.5 
86.8 
65.7 
28.1 
69.7 
136.7 
61.0 
120.3 
66.8 
89.4 
182.4 
86.6 
167.2 
124.2 
119.9 
49.3 
101.5 
127.0 
20.5 
71.7 
157.5 
151.4 
172.3 
88.9 
34.4 
65.7 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
5.6 
8.5 
2.5 
6.0 
12.1 
7.5 
13.8 
2.6 
3.8 
3.3 
5.3 
3.2 
3.8 
2.3 
14.3 
6.5 
9.9 
7.3 
3.2 
3.3 
3.0 
5.3 
4.3 
3.8 
2.6 
6.8 
5.5 
4.3 
6.7 
4.0 
7.0 
7.2 
3.8 
12.7 
19.3 
5.7 
13.6 
27.3 
16.9 
31.2 
5.9 
8.6 
7.4 
12.0 
7.3 
8.7 
5.2 
32.4 
14.8 
22.4 
16.6 
7.3 
7.5 
6.7 
12.1 
9.7 
8.6 
5.9 
15.4 
12.5 
9.7 
15.1 
9.0 
15.8 
16.2 
8.7 
104.6 
158.9 
47.0 
112.1 
224.5 
138.8 
256.6 
48.1 
70.8 
61.2 
98.6 
59.6 
71.2 
43.1 
266.4 
121.7 
184.1 
136.3 
59.7 
61.8 
54.8 
99.1 
79.7 
70.7 
48.3 
126.8 
102.8 
79.5 
123.7 
74.1 
129.6 
133.1 
71.1 
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Table 4.2:- Indoor radon levels in Palampur and Baijnath (Himachal Pradesh). 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
Track density 
(Tracks cm2 d ') 
19.4 
13.3 
8.0 
5.0 
5.3 
20.0 
9.6 
18.6 
14.3 
10.0 
9.7 
14.6 
6.0 
8.5 
6.7 
13.4 
6.6 
8.4 
14.6 
11.7 
2.4 
2.9 
4.3 
5.0 
3.5 
4.0 
9.2 
12.1 
7.1 
4.0 
16.0 
4.2 
11.4 
4.5 
5.1 
4.7 
5.1 
16.9 
4.3 
1.5 
3.0 
2.1 
1.8 
Potential alpha 
energy concentration 
(raWL) 
43.8 
30.0 
18.2 
11.4 
12.0 
45.2 
21.6 
42.1 
32.3 
22.6 
22.0 
33.0 
13.4 
19.3 
15.2 
30.3 
15.0 
19.1 
33.1 
26.5 
5.3 
6.6 
9.7 
11.2 
8.0 
9.0 
20.8 
27.3 
16.0 
9.0 
36.2 
9.4 
25.8 
10.1 
15.6 
10.6 
11.5 
38.3 
9.7 
3.4 
6.9 
4.8 
4.1 
Radon 
concentration 
(Bq m3) 
360.0 
247.0 
149.5 
93.7 
99.0 
371.2 
177.8 
346.0 
265.5 
186.0 
180.0 
271.5 
110.1 
158.5 
125.0 
249.3 
123.5 
157.0 
272.3 
218.0 
44.0 
54.3 
79.6 
92.2 
65.4 
73.7 
171.1 
224.7 
131.7 
74.0 
297.5 
77.4 
212.0 
83.4 
128.1 
87.8 
94.5 
314.8 
79.6 
28.3 
56.6 
39.5 
33.7 
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Table 4.3 :- Indoor radon levels in Dehradun (Uttar Ptadesh). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm 2 d') (mWL) (Bqm3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
4.6 
5.9 
6.6 
4.1 
3.2 
2.9 
2.0 
2.5 
2.5 
2.0 
4.6 
3.4 
2.9 
2.7 
1.5 
1.2 
1.9 
1.1 
2.1 
1.5 
2.8 
2.0 
4.2 
3.6 
3.8 
3.2 
3.7 
4.4 
8.0 
8.7 
7.7 
2.3 
2.6 
2.2 
10.5 
13.4 
14.9 
9.2 
7.2 
6.6 
4.5 
5.7 
5.8 
4.6 
10.4 
7.7 
6.6 
6.2 
3.5 
2.6 
4.3 
2.6 
4.8 
3.5 
6.4 
4.5 
9.6 
8.1 
8.6 
7.3 
8.4 
9.9 
18.1 
19.8 
17.7 
5.2 
6.0 
5.9 
86.3 
109.7 
122.6 
75.6 
59.2 
54.0 
36.7 
46.5 
47.5 
37.8 
85.3 
63.1 
54.3 
50.6 
28.6 
21.4 
35.0 
21.0 
39.1 
28.6 
52.5 
36.7 
78.8 
66.4 
70.7 
60.3 
68.8 
81.1 
148.5 
162.5 
143.1 
42.7 
49.3 
40.0 
94 
Table 4.4:- Summary of radon concentrations in the dwellings of hilly regions. 
Rn concentration (Bq m v) 
Places No of 
dwellings AM SD GM GSD Range 
1. Kohima (Nagaland) 65 100 51 88 1.7 21-266 
2. Palampur and Baijnath 43 156 96 134 2.3 28-371 
(Himachal Pradesh) 
3. Dehradun (Uttar Pradesh) 34 65 36 57 1.7 21-163 
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in figures 4.4 to 4.6. In figure 4.4, the points appear to fall on a straight line 
indicating that radon measurements are log-normally distributed. However, 
the distributions seem to be bi-modal in figures 4.5 and 4.6. 
A quite significant difference was observed among the mean values of 
radon concentrations for dwellings at different places. The prime reason for 
this may be the different geological environments of three places. Kohima 
(Nagaland) belonging to the hilly North-Eastern region of India, is situated 
at a major plateau boundary (subduction zone). It has mainly sedimentary 
rocks having rich uranium deposits. The soil in these areas contain 
comparatively higher levels of uranium and thorium found by the Atomic 
Mineral Division of the Department of Atomic Energy, Government of India. 
The enhanced levels of radon in Palampur and Baijnath in H.P. may be 
attributed to the higher uranium contents in nearby rocks and soil. The 
uranium concentration in rock samples varying from 5.91 to 10.85 ppm with 
a mean value of 7.95 ppm and from 4.11 to 6.90 ppm with a mean value of 
6.02 ppm in soil samples of this region have been reported by Kanvar et al., 
(1996). Most of these houses are single storey buildings and are constructed 
from the local rocks, mud and wood and have natural ventilation. Dehradun 
situated at the plateau of the hilly region is supposed to be a normal 
background region. 
Using the arithmetic mean concentration of the three places by etched 
track technique and the method outlined by the ICRP (1993) in Publication-
65, the mean annual effective dose from inhaled radon daughters in Nagaland, 
H.P. and U.P. are estimated to be 1.5 mSv, 2.3 mSv and 1.0 mSv respectively. 
In these calculations a value of 0.42 as equilibrium factor has been used. As 
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there is no radon action level adopted by India so far, we may rely on the 
ICRP recommendations for this purpose. The ICRP-65 recommends the action 
level of radon in the range between 200 to 600 Bq m \ Some dwellings of 
Nagaland and Himachal Pradesh fall within this range and action to reduce 
the radon levels is suggested. 
4.5 RADON LEVELS IN RAJASTHAN 
In the present study, measurements of radon concentrations have been 
carried out in 143 dwellings of Udaipur, Bikaner and Banswara towns situated 
in the Rajasthan province of Northern India. According to Geological Survey 
of India, these three places fall in the pre-cambrian rocks in the Aravalli 
Mountain range which can be grouped in Banded Gneissic Complex and 
Aravalli super group. In the Aravalli super group workable phosphorite 
deposits are present in significant amount. These phosphorites are invariably 
associated with dolostones and their P,0< contents varies from 5 to 23%. 
Trace element analysis indicate higher percentage of natural uranium. 
4.5.1 RESULTS AND DISCUSSION 
The distributions of the time-averaged indoor radon concentration of 
143 homes in the towns Udaipur. Bikaner and Banswara of the State of 
Rajasthan are presented in tables 4.5 to 4.8. The arithmetic mean, standard 
deviation, geometric standard deviation (G.S.D.) as well as maximum and 
minimum radon concentrations encountered in the study are presented in 
table 4.8. The distributions of radon concentration in the three places are 
presented in figures 4.7 to 4.9. Normal probability plots for Udaipur, Bikaner 
and Banswara are shown in figures 4.10 to 4.12. The points appear to fall 
Table 4.5:- Indoor radon levels in Udaipur (Rajasthan). 103 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d1) (mWL) (Bqm3) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
6.5 
5.9 
1.2 
4.0 
8.2 
1.3 
14.8 
1.2 
2.9 
6.5 
7.3 
0.9 
2.5 
2.1 
3.0 
1.1 
3.8 
2.1 
2.5 
2.7 
3.1 
9.6 
3.1 
14.9 
4.3 
5.8 
7.0 
3.2 
2.5 
10.8 
7.2 
3.6 
1.6 
11.0 
3.2 
11.5 
14.4 
2.3 
1.2 
3.4 
14.7 
13.3 
2.7 
9.1 
18.5 
2.9 
33.5 
2.7 
6.5 
14.6 
16.5 
2.0 
5.7 
4.7 
6.7 
2.4 
8.6 
4.7 
5.5 
6.1 
6.9 
21.8 
7.1 
33.6 
9.7 
13.2 
15.9 
7.1 
5.6 
24.5 
16.2 
8.1 
3.6 
24.8 
7.2 
26.1 
32.7 
5.3 
2.6 
7.6 
120.7 
109.4 
21.8 
74.9 
152.2 
24.0 
275.2 
22.1 
53.0 
120.0 
136.0 
16.3 
46.5 
38.4 
55.0 
19.5 
70.6 
38.5 
45.6 
50.0 
56.7 
178.9 
58.0 
276.6 
79.4 
108.5 
130.7 
58.3 
46.0 
201.2 
133.3 
66.8 
29.7 
204.0 
59.1 
214.3 
268.6 
43.2 
21.2 
62.7 
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41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
10.3 
2.3 
3.5 
1.2 
12.9 
4.7 
5.5 
6.4 
12.6 
4.4 
9.2 
5.3 
3.1 
11.0 
2.5 
1.2 
2.3 
23.3 
5.3 
7.9 
2.7 
29.1 
10.6 
12.5 
14.4 
28.5 
10.0 
20.7 
12.1 
7.0 
24.9 
5.6 
2.8 
5.3 
191.3 
43.6 
65.1 
21.8 
239.1 
86.9 
102.5 
118.5 
234.1 
81.9 
170.0 
99.2 
57.3 
204.7 
45.8 
22.8 
43.3 
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Table 4.6:- Indoor radon levels in Bikaner (Rajasthan). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d') (mWL) (Bq m3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
2.4 
9.7 
4.4 
0.8 
1.2 
2.8 
10.2 
1.3 
0.8 
1.1 
5.9 
2.1 
0.9 
3.3 
0.8 
3.1 
5.3 
7.3 
5.1 
1.0 
2.0 
6.7 
2.5 
2.1 
1.3 
0.9 
3.9 
9.0 
2.9 
2.1 
1.2 
2.2 
1.0 
2.8 
6.4 
6.6 
3.0 * 
4.7 
1.2 
3.7 
1.2 
3.0 
5.3 
21.8 
10.0 
1.8 
2.6 
6.2 
23.1 
2.9 
1.9 
2.5 
13.2 
4.6 
1.9 
7.4 
1.9 
7.0 
11.9 
16.7 
11.5 
2.3 
4.5 
15.2 
5.6 
4.8 
2.9 
1.9 
8.9 
20.3 
6.6 
4.8 
2.8 
4.9 
2.3 
6.4 
16.6 
15.0 
6.7 
10.7 
2.6 
8.3 
2.7 
6.8 
43.5 
179.3 
82.0 
15.0 
21.3 
51.2 
190.0 
24.0 
15.7 
20.3 
108.9 
38.1 
16.0 
61.0 
15.5 
57.6 
98.2 
137.0 
94.8 
18.5 
36.7 
124.6 
46.0 
39.7 
23.6 
16.0 
73.2 
166.6 
54.2 
39.1 
22.8 
40.3 
18.7 
52.4 
119.6 
123.4 
55.0 
87.7 
21.5 
58.7 
22.2 
47.0 
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Table 4.7:- Indoor radon levels in Banswara (Rajasthan). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d') (mWL) (Bq m3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
1.1 
0.9 
1.5 
12.4 
10.4 
2.4 
6.2 
10.4 
4.4 
12.5 
2.1 
1.7 
5.9 
0.8 
3.7 
2.7 
8.6 
1.2 
2.5 
5.4 
4.9 
3.5 
6.7 
5.3 
9.9 
7.0 
10.3 
0.9 
2.6 
1.6 
11.6 
2.9 
2.5 
1.2 
3.5 
15.2 
5.1 
1.3 
2.5 
5.9 
14.9 
0.9 
9.1 
1.2 
2.4 
2.1 
3.3 
28.0 
23.4 
5.5 
14.0 
23.6 
9.9 
28.3 
4.7 
3.8 
13.3 
1.8 
8.4 
6.0 
19.5 
2.6 
5.6 
12.2 
11.1 
8.0 
15.2 
12.0 
22.4 
15.9 
23.3 
2.0 
5.8 
3.7 
26.3 
6.5 
5.6 
2.6 
7.8 
34.4 
11.6 
2.8 
5.7 
13.3 
33.8 
2.0 
20.5 
2.7 
20.0 
17.0 
27.5 
230.1 
192.6 
45.3 
115.1 
194.0 
81.3 
232.7 
38.3 
31.5 
109.5 
15.0 
69.4 
49.6 
160.3 
21.4 
45.8 
100.0 
91.0 
65.4 
125.2 
98.6 
184.5 
130.7 
191.6 
16.8 
47.8 
30.3 
216.0 
53.4 
46.2 
21.6 
64.0 
282.7 
95.4 
23.3 
46.8 
109.3 
278.0 
16.0 
168.6 
21.8 
107 
Table 4.8 :- Summary of radon concentrations in the dwellings of Rajasthan. 
Rn concentration (Bq m3) 
Places No of 
dwellings AM SD GM GSD Range 
l.Udaipur 57 99 74 74 2.2 16-277 
2. Bikaner 42 61 48 46 2.2 15-190 
3. Banswara 44 96 78 66 2.5 15-283 
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almost on a straight line indicating that the radon measurements are 
approximately log-normally distributed. The distribution obtained for the 
time averaged indoor radon concentrations in these three places of study can 
not be considered as representative either for Indian dwellings or for the 
population exposure. The reason for this is that the G.M. of radon 
concentrations in these measurements were found to be higher as compared 
to other parts of the country (Khan et al., 1989; 1997). However, the radon 
levels were comparable to our recent study in the dwellings of hilly regions 
(Singh et al., 1997). This may be attributed to the different geological 
parameters of the regions. The plots in figures 4.7 to 4.9 show that the 
behaviour in the dwellings is similar between the three towns which implies 
that they all have the same variance. Thus the results, showing the arithmetic 
mean of radon concentrations in Udaipur, Bikaner and Banswara dwellings 
as comparable to each other and higher radon values, may attributed to the 
same geological region deposits there. For all three towns of study, the 
average % RMD was less than 15. 
The average lifetime risk of lung cancer for an average chronic radon 
exposure of 85 Bq nr3 at homes, with an occupancy of 0.7 comes out to be 
6.7 x 10 \ The average lifetime risk of lung cancer in this study is quite 
similar to those found by the other investigations in the Garhwal Himalaya 
region on Northern India (Ramola et al., 1997). 
The health detriment by lung cancer from inhaled radon daughters 
can also be estimated in terms of the attributable loss of life expectancy. On 
the basis of ICRP (1987), the relative excess risk coefficients, the attributable 
loss of life expectancy averaged over both sexes in Udaipur, Bikaner and 
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Banswara was found to be 49 days, 30 days and 47 days respectively. 
Comparing with a mean life expectancy of 70 years for this region, 
corresponding mean relative loss of life expectancy in Udaipur, Bikaner and 
Banswara is estimated to be 0.0020 (0.20%), 0.0012 (0.12%) and 0.0018 
(0.18%) respectively for chronic exposure. 
4.6 RADON LEVELS IN OIL REFINERY AND NORMAL 
ENVIRONMENT 
Today petroleum is the source of hundreds of products ranging from 
gases, volatile liquids to bitumen and solid waxes. It is also the source of the 
hydrocarbon feedstocks to the petrochemical industry. In nature, the sources 
of oil and gas are sedimentary rocks namely sands, sandstones, grils, 
limestones and dolomites. There are occasional cases of igneous and 
metamorphic rocks serving as the source of petroleum. The sedimentary and 
igneous rocks also contain substantial trace amount of 238U in varying 
quantities (UNSCEAR, 1982) which is the source of 222Rn (radon). With the 
oil exploration, 238U may also be extracted and be present in crude oil and 
natural gas. The mean radon activity concentration in natural gas from the 
distribution line in South Poland was found to be 235 Bq m3 with a maximum 
of 361 Bq nr3 and a minimum of 124 Bq nr3 (Wojcik, 1989). Refining of 
crude oil and production of different types of petroleum products require 
several processes such as distillation, catalytic reforming and thermal 
cracking etc. which may be responsible for releasing the environmental 
pollutants. Hydrogen Sulphide (H„S) exposure is considered to be one of the 
major pollutant in the petroleum refinery environment. Beside Hydrogen 
Sulphide, some other pollutants are also present in the oil refinery 
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environment. Epidemiological studies in two petroleum industries of U.K. 
show the lung canter standarised Morbidity Ratios (SMR's) of 0.78 and 0.80 
(Hobson, 1984). 
Mathura oil refinery founded in 1978 has a capacity of 6 MMTA and 
produces the following products (Bhaskar Rao, 1984). 
HSD : Over 2 MMTA, 
Naphtha : 8,09,000 TA, 
Kerosene : 6,58,000 TA, 
Petrol : 3,50,000 TA, 
LPG : 1,80,000 TA. 
The petroleum refinery is supplied with crude oil from the oil fields and 
sends out some or all of the wide ranges of petroleum products to the market. 
Our interest is to study the levels of radioactive pollutant radon and 
its daughters and their impact on the health of the public residing in this 
area. In the present study, measurements of radon and its daughters levels in 
the dwellings of oil refinery area at Mathura (U.P.) and in dwellings of nearby 
normal background areas of Mathura town and Agra (U.P.). Mathura town is 
about 8 km in west side from the refinery and Agra town is 50 Km in East 
side from the refinery. The measurements were made in winter season. 
4.6.1 RESULTS AND DISCUSSION 
The results of the measurements of radon and its daughters 
concentrations in about 150 dwellings in an oil refinery area situated near 
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Mathura and in some other normal background areas likely Mathura town 
and Agra town in the state of Uttar Pradesh (U.P.) are presented in tables 4.9 
to 4.12. From table 4.12 the geometrical mean of radon concentrations in 
refinery, Mathura town and Agra are 97 Bq n r \ 91 Bq nr3 and 71 Bq nr3 
with the geometrical standard deviations of 1.7, 1.8 and 1.7 respectively. 
There is no significant difference between the geometrical means of the 
concentrations in refinery areas and Mathura town. Comparatively 
statistically significant difference was found in Agra. The distribution of 
radon concentration for these three places are shown in figures 4.13 to 4.15. 
It appears from the figures that radon concentrations vary appreciably in the 
dwellings of these three different environmental areas. However, the indoor 
radon concentrations in refinery area and Mathura seem to be higher as 
compared to other dwellings of normal background areas (Khan et al., 1987; 
1989). Figures 4.16 to 4.18 show the normal probability plots for Mathura 
refinery, Mathura town and Agra. The points in figure 4.16 appear to be on a 
straight line indicating that the radon measurements are log-normally 
distributed in refinery but the distribution seems to be bi-modal in Mathura 
town and Agra (Figures 4.17, 4.18). The higher values of indoor radon in 
refinery may be due to 238U found in crude oil because the sources of oil and 
natural gas are sedimentary rocks. The sedimentary and igneous rocks 
contains substantial trace amount of 238U, the ultimate source of radon, in 
varying concentrations (UNSCEAR, 1982). The mean radon concentration 
in natural gas from the distribution line in South Poland was found to be 235 
Bq nr3 with a maximum of 361 Bq nr3 and a minimum of 124 Bq nr3 (Wojcik, 
1989). The higher radon levels are also found in Mathura as compared to 
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Table 4.9:- Indoor radon levels in Mathura refinery (Uttar Pradesh). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d') (mWL) (Bq m3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
3.8 
4.9 
5.1 
5.0 
9.7 
11.3 
7.4 
1.1 
3.5 
1.6 
3.2 
3.2 
8.6 
8.0 
7.2 
13.9 
6.1 
5.5 
5.1 
2.6 
7.6 
9.1 
4.4 
1.2 
3.7 
5.4 
7.1 
12.9 
11.3 
2.9 
5.9 
7.0 
4.3 
10.7 
6.4 
12.4 
8.3 
6.0 
5.5 
5.7 
8.6 
11.0 
11.6 
11.1 
21.9 
25.5 
16.7 
2.5 
7.9 
3.7 
7.5 
7.2 
19.6 
18.2 
16.2 
31.5 
13.9 
12.5 
11.6 
5.8 
17.2 
20.7 
9.9 
2.7 
8.3 
12.3 
16.2 
29.3 
25.4 
6.6 
13.4 
15.8 
9.7 
24.1 
14.6 
28.1 
18.8 
13.6 
12.4 
12.8 
70.8 
90.6 
95.5 
93.0 
179.8 
209.7 
137.0 
20.5 
64.6 
30.1 
45.5 
59.4 
160.7 
149.7 
133.0 
258.9 
114.2 
103.0 
95.3 
47.7 
141.7 
170.0 
81.4 
22.0 
68.2 
101.2 
131.5 
240.8 
209.2 
54.2 
110.4 
130.0 
79.7 
198.5 
119.6 
230.7 
154.5 
111.9 
102.3 
105.5 
119 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
5.4 
9.0 
8.4 
1.5 
2.3 
3.4 
2.2 
8.2 
7.9 
7.6 
6.2 
6.4 
4.6 
4.0 
3.7 
4.4 
7.7 
2.2 
5.1 
7.3 
2.6 
6.6 
5.4 
5.0 
7.0 
5.1 
6.1 
4.6 
5.7 
4.5 
6.0 
12.3 
20.4 
18.9 
3.4 
5.2 
7.7 
5.0 
18.6 
17.8 
17.2 
14.0 
14.5 
10.5 
9.1 
8.2 
9.9 
17.5 
5.0 
11.5 
16.4 
5.9 
15.0 
12.3 
11.3 
15.8 
11.6 
13.9 
10.5 
12.9 
10.1 
13.6 
101.1 
167.4 
155.7 
17.4 
42.6 
63.3 
40.8 
153.1 
147.7 
147.0 
115.2 
119.4 
86.0 
75.1 
67.2 
81.4 
144.0 
41.4 
94.9 
135.1 
48.5 
123.5 
101.0 
93.0 
130.0 
95.5 
114.2 
86.0 
105.7 
83.0 
111.6 
120 
Table 4.10:- Indoor radon levels in Mathura town (Uttar Pradesh). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d') (mWL) (Bq m3) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4.0 
3.5 
5.0 
5.3 
6.8 
7.1 
1.9 
2.9 
7.2 
8.6 
1.2 
6.3 
5.9 
2.0 
6.9 
6.9 
6.1 
6.6 
7.4 
7.5 
7.8 
9.7 
10.0 
8.9 
7.3 
4.4 
2.1 
1.5 
5.0 
8.8 
1.7 
3.6 
7.0 
3.4 
2.9 
4.1 
4.8 
5.3 
8.1 
9.0 
7.9 
11.4 
12.5 
15.3 
16.1 
4.2 
6.5 
16.2 
19.5 
2.6 
14.3 
13.3 
4.6 
15.7 
15.7 
18.3 
15.0 
16.8 
17.0 
17.6 
21.8 
22.6 
20.2 
16.6 
9.9 
4.8 
3.4 
11.2 
19.9 
3.9 
8.1 
15.9 
7.7 
6.5 
9.3 
10.9 
12.1 
18.3 
73.8 
64.9 
93.8 
103.0 
126.0 
132.4 
34.7 
53.6 
133.2 
160.7 
20.0 
117.8 
109.5 
37.7 
129.0 
128.8 
150.7 
123.2 
138.1 
140.0 
145.0 
179.5 
185.4 
166.4 
136.3 
81.6 
39.2 
27.7 
92.3 
163.7 
32.4 
66.4 
130.4 
63.3 
53.0 
76.5 
89.6 
99.2 
150.7 
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Table 4.11:- Indoor radon levels in Agra (Uttar Pradesh). 
Track density Potential alpha Radon 
S.No. energy concentration concentration 
(Tracks cm2 d') (mWL) (Bq m3) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
3.6 
4.4 
5.2 
4.9 
4.6 
5.2 
6.4 
8.0 
7.1 
8.2 
6.9 
3.3 
6.5 
5.4 
1.1 
1.2 
1.7 
2.2 
1.6 
3.8 
4.6 
4.0 
4.2 
3.7 
2.4 
1.7 
1.6 
2.6 
3.1 
4.7 
5.6 
3.5 
5.9 
7.4 
5.9 
3.7 
8.2 
9.9 
11.8 
11.2 
10.4 
11.7 
14.5 
18.1 
16.1 
18.4 
15.4 
7.4 
14.6 
12.2 
2.4 
2.6 
3.9 
5.0 
3.6 
8.6 
10.4 
8.9 
9.6 
8.4 
5.3 
3.7 
3.6 
5.8 
7.1 
10.7 
12.7 
7.9 
13.4 
16.7 
13.2 
8.4 
67.3 
81.3 
97.3 
91.6 
85.4 
95.8 
119.1 
149.1 
132.4 
151.5 
126.2 
61.1 
119.9 
99.9 
19.8 
21.7 
32.1 
41.1 
29.2 
70.5 
85.3 
73.5 
78.9 
69.1 
43.8 
30.6 
29.2 
47.9 
58.0 
87.8 
104.2 
65.3 
110.1 
136.9 
108.9 
68.8 
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Table 4.12:- Summary of radon concentration in the dwellings of Mathura refinery and 
normal environment areas. 
Rn concentration (Bq m3) 
Places No of 
dwellings AM SD GM GSD Range 
1. Mathura refinery 71 110 52 97 1.7 21-259 
2. Mathura town 39 104 46 91 1.8 20-185 
3. Agra 36 80 37 71 1.7 20-152 
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110 
Radon c o n c e n t r a t i o n (Bq.m ^) 
Figure 4 . 1 3 . Frequency d i s t r i b u t i o n of radon in 
Mathura r e f i n e r y ( U . P . ) . 
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Radon concentration (Bq.rrT^) 
Figure 4.14. Frequency distribution of radon in 
Mathura town (U.P.). 
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40 80 120 160 
Radon concentration (Bq.m~3v 
Figure 4.15. Frequency distribution of radon in 
Agra (U.P.). 
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Figure 4.16. Normal probability plots for houses in 
Mathura refinery (U.P.). 
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Mathura town ( U . P . ) . 
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Agra, this may be due to Mathura being at closest distance from refinery 
and the long half-life of radon. Due to long half-life radon can easily migrate 
from one place to another. 
The average lifetime risk of lung cancer in Mathura refinery for an 
average radon exposure of 110 Bq m 3 at homes, with an occupancy of 0.7 is 
8.8 x 10"\ The average lifetime risk of lung cancer is quite similar to our 
earlier investigations in the dwellings of Rajasthan (Singh et al., 1998). 
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CHAPTER 
5 
RADON EXHALATION 
MEASUREMENTS 
IN SOLIDS 
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5.1 INTRODUCTION 
Building materials are derived from natural materials like soil, sand, 
rocks etc. and thus they are one of the main sources of radon activity inside 
the dwellings. The variation in radon concentration observed in dwellings is 
mainly due to the varying concentration of uranium and thus radium in soil 
underneath the building and in building materials used. Rapid build-up of 
radon takes place inside dwellings if the radon exhalation from material is 
high and ventilation rate is low. Radon emission per unit area per unit time 
known as the exhalation rate, depends upon the radium concentration in the 
material, emanation factor of radon from the material, porosity, permeability 
and density of the material, diffusion coefficient of radon in the material, 
moisture content and temperature. 
Over the last two decades it has been realised that some materials 
used for building construction may raise the airborne radioactivity levels in 
indoor air to unacceptable levels especially when the radium content in the 
materials is high and the ventilation is low. Presently various wastes materials 
produced by power plants, chemical and metallurgical industry have 
commonly been used in building materials. Some of them such as fly ash, 
furnace slag, byproduct gypsum etc. contain appreciable amount of natural 
radionuclides from uranium and thorium series (UNSCEAR, 1982) and may 
pose potential radiation risk to the population. In some countries, the building 
blocks are made almost entirely from fly ash and the houses built from these 
blocks have been found to have enhanced radon concentrations (Blaton-
Albica and Pensko, 1981). The use of fly ash in manufacturing of portland 
pozzolana cement stresses the need of extensive studies to obtain 
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representative data about the radiation levels due to various brands of cement 
used in India. 
Therefore, there is a need for developing simple and efficient 
measuring method and performing intensive studies for getting representative 
data about the radiation levels due to typical waste and construction materials 
for prediction of the level of radiation ri^k from various solids. Thus an 
estimation of the rate of their radon exhalation is of prime importance. 
The radon exhaling properties of porous materials both naturally 
occurring like soil, coal and rocks and man made like mining wastes, fly ash 
and many building materials have been the object of several investigations 
(Kovach, 1945; Kraner, et al., 1964; Jonassen, 1983; Jonassen and 
McLaughlin, 1980). The earliest of these investigations dealt almost 
exclusively with measurement of radon exhalation from the soil as a 
geophysical indicator, like the use of radon or its daughter products as tracers 
for meteorological phenomena (Pearson and Jones, 1966; Wilkening and 
Hand, 1960; Wilkening et al., 1974). However, the interest in radioactive 
properties of these materials has increased markedly. 
Although the basic theory of the radon exhalation is the same whether 
the radon comes from the soil or from porous solid samples like coal, fly ash 
and sand etc. However, some features of the exhalation process are very 
different in the two cases. For exhalation from the soil, the measurements 
are limited to exhalation from very small part of the exhaling surface, 
although the sample can be considered to be extended indefinitely in the 
exhalation direction. As far as radioactivity, porosity and permeability etc. 
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are concerned, the scaling up results obtained for one small area to large 
areas is only a question of homogeneity. Similar methods have also been 
applied in case of building materials (Stranden, 1979), If only a limited 
amount of the material sample is available, the simplest and most efficient 
method for the measurement of time integrated radon exhalation rate is to 
place the sample in the lower part of a closed container (sealed cylinderical 
can) and fix an alpha sensitive solid state nuclear track detector (SSNTD) 
on the inner upper surface of the can (Abu-Jarad et. al., 1980; Khan et. al., 
1992). In such measurements it is expected that the exhalation rate will 
depend upon the material and its amount as well as on the geometry and 
dimensions of the can. It has been shown (Somogyi et al., 1986) that with 
the sealed can technique area and mass exhalation rate for radon in the solid 
samples can be determined with reasonable accuracy. In the present study 
determination of uranium content, radon exhalation rate and permeability in 
the soil, fly ash and cement samples collected from different places of India 
have been undertaken. In addition radon exhalation measurements have also 
been made in rock samples collected from Uranium and copper mines areas 
of Singhbhum district of the state of Bihar in India. 
5.2 EXPERIMENTAL MEASUREMENTS 
The soil samples were collected from different places of two major 
Indian states viz. Uttar Pradesh and Rajasthan. Fly ash samples were obtained 
from three large thermal power plants operating in our region i.e. Kasimpur, 
Parichha and Obra. Various brands of cement samples from different 
manufacturing companies were collected from the market. These brands of 
cement are commonly used in the construction activities in our region. Rock 
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samples were collected from three mines, viz. Mosabani copper mine, 
Narwapahar and Jaduguda uranium mines situated in the Singhbhum district 
of the Bihar state of India. The samples were collected in clean and dry 
polyethylene bags. After that these samples were dried and powdered 
throughly and then sieved through 100 mesh sieve (size of grain is >100 
urn). The uranium concentrations of the samples were measured by using 
the fission track etch method described in detail in Chapter6. 
5.2.1 Radon exhalation measurements 
For radon exhalation measurements the 'can technique' (Khan et al., 
1992) was employed. The samples were placed in the base of the can 
(cylinderical plastic can of 7.5 cm height and 7.0 cm diameter). Each can 
was equipped with a LR-115 type II plastic track detector (2cm x 2cm) fixed 
on the top inside of the can. The cans were properly sealed with the help of 
good quality fixer to prevent any significant leakage. 
In the samples composed of solid material particles, emanation of radon 
into the can is possible in two stages, firstly by diffusion from individual 
grains to the air filled pores and secondly by the transport through these 
pores into the can volume. Diffusion of atoms of radon through the solid 
mineral grains is relatively slow and depends upon the porosity of the medium 
and is a function of the particle size. Due to short half-life, only a small 
fraction of radon escapes before decaying. A much more significant 
mechanism for release of radon is the recoil of the radon atoms on the decay 
of their parents. If close to the surface of individual grains they may be 
ejected into the pores between the grains. The fraction of the radon formed 
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in the solid material which escapes into the pores is known as the emanation 
coefficient and is generally a few percent. The sensitive lower surface of the 
detector fixed in the can is freely exposed to the emergent radon from the 
sample material. Thus the detector is capable of recording the alpha particles 
resulting from the decay of radon. Radon and its daughters will reach 
equilibrium in few hours and hence the equilibrium activity of emergent radon 
can be obtained from the geometry of the can and the time of exposure. 
The detectors were left for exposure for about 90 days inside the can. 
After exposure the detectors were retrieved from all cans. For the revelation 
oi' tracks, the detectors were etched in 2.5N NaOH at 60 ± 1°C for a period 
of 90 minutes in a constant temperature water bath. After etching the resulting 
alpha tracks on the exposed face of the detector material were scanned under 
optical binocular research microscope at the magnification of 400X. The 
radon activity or integrated radon exposure inside the can was obtained from 
the track density of the detector by using the calibration factor of 0.056 
Tracks cm 2d '(Bq nr3)"1 obtained from the earlier calibration experiment 
(Singh et al., 1997). 
The exhalation rate for radon is obtained from the expression (Khan 
et al.. 1992; Fleischer and Mogro-Campero. 1978) 
C V / . / A 
E x = (5.1) 
[T+ I/I (e-'-T- 1)] 
where. E^  = radon exhalation rate per unit area (mBq m 2h') 
C = integrated radon exposure as measured bv LR-
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115 type II plastic track detector (Bq m 3 h) inside 
the can 
V = effective volume of the can (m3) 
A. = decay constant for radon (h1) 
T = exposure time (h) 
A = area of the sample (m2) 
5.2.2 Determination of the coefficient of permeability (K) 
One of the most important physical characteristic of a solid material, 
pertinent to indoor radon is its permeability i.e. how readily a fluid (in the 
present case, air) may flow through it. Permeability relates the apparent 
velocity of fluid flow through the soil pores to the pressure gradient. Since 
the convective flow rate increases with increasing permeability and since 
the radon entry rate increases with convective flow of soil air into the 
substructure, the potential for radon entry is expected to increase 
monotonically with permeability. 
The permeability of soil, fly ash and cement samples was determined 
by the 'falling head test permeameter'. In a falling head test method, a stand 
pipe is fitted on top of the permeameter (Figure 5.1) and the change in the 
hydraulic head with time is recorded. The details of the experiment are given 
elsewhere (Singh, 1958). 
The coefficient of permeabiliiy was calculated from the relation: 
a L h, 
K = 2.3 log10 (5.2) 
A t h, 
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r?o 
Figure 5.1 Diagrammatical r e p r e s e n t a t i o n of f a l l i n g 
head t e s t permeameter. 
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Where, K = coefficient of permeability in cm/sec at test 
temperature 
a = cross sectional area of the stand pipe (cm2) 
A = cross sectional area of the specimen (cm2) 
L = length of the specimen in (cm) 
t = time taken in seconds by water to fall from initial 
head h, to final head h2 
5.3 RISK ESTIMATES 
The risk of lung cancer from domestic exposure due to radon and its 
daughters can be estimated directly from the effective dose equivalents. In 
the present study, the risk of lung cancer due to radon and its daughters were 
estimated from the radon exhalation rate from building materials. The 
contribution to indoor radon concentration from different building materials 
can be calculated from the relation: 
Ex S 
C R n = — (5-3) 
V v 
Where, C = radon concentration (Bq nv3) 
Ex = radon exhalation rate per unit area (Bq nr2 h ') 
S = exhalation area (m2) 
V = room volume (m-1) 
v = air exchange rate (h ') 
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In these calculations, the maximum radon concentration from a 
building material was assessed by assuming the room as a cavity with S/V = 
2.0 m ' and air exchange rate of 0.5 h1 . 
The annual exposure to potential alpha energy, Ep, is then related to 
the average radon concentration, CRn, by the following expression: 
8760 n F C D 
Rn 
Ep [WLM y1] = (5.4) 
170x 3700 
Where, CRn is in Bq m 3; n, the fraction of time spent indoors; 8760, the 
number of hours per year and 170, the numbers of hours per working month. 
The values of n = 0.8 and F = 0.42 were used to calculate Ep. From radon 
exposure, the effective dose equivalents were estimated by using a conversion 
factor of 6.3 mSv/WLM (ICRP, 1987). 
5.4 RESULTS AND DISCUSSION 
The radon exhalation rates with effective dose equivalents, uranium 
concentration and coefficient of permeability measured in the present study 
in soil, fly ash and cement samples are presented in tables 5.1 - 5.3. Whereas 
the average values are given in table 5.4. The radon exhalation rates very 
from 324.0 to 968.9 mBq m"2rr' in soil samples, from 203.9 to 367.6 mBq m 
:h ' in fly ash samples and from 29.8 to 69.2 mBq nr:h"' in cement samples. 
The uranium concentrations vary from 0.3 to 3.3 ug/g in soil samples, from 
21.4 to 33.4 ug/g in fly ash samples and from 0.6 to 2.3 ug/g in cement 
samples. The results point out that the uranium concentrations of fly ash 
samples are much higher than the soil samples but the radon exhalation rates 
are found to be lower or of the same order. This may be attributed to the low 
143 
Table 5.1:- Radon exhalation rate, effective dose equivalent, uranium concentration and per-
meability of soil samples. 
S.No. Details of 
samples 
(i) UTTAR PRADESH (U.P.) 
1. Dehtora, Agra 
2. Dahana, Mathura 
3. Sasani, Aligarh 
4. Obra thermal power plant 
5. Aligarh Muslim Univ. Campus 
(a) Electronics Engg. Dept. 
(b) Civil Engg. Dept. 
(c) Mechanical Engg. Dept. 
(d) Chemistry Dept. 
(e) J.N. Medical College 
(f) Mintocircle 
Radon 
Exhalation 
rate 
(mBq m2 h ' ) 
573.2 
634.4 
375.8 
(a) 968.9 
(b) 851.2 
815.6 
595.3 
464.2 
705 6 
664.9 
630.5 
Effective 
dose 
equivalent 
(uSvy1) 
67.6 
74.8 
44.3 
114.3 
100.4 
96.2 
70.2 
54.8 
83.2 
78.4 
74.4 
Uranium 
concentration 
(Mg/g) 
1.1 
1.6 
0.9 
3.3 
2.9 
2.5 
1.9 
1.3 
1.9 
1.5 
1.4 
Coefficient of 
permeability 
X 103 
(cm/sec) 
3.1 
5.3 
2.3 
8.1 
7.3 
4.7 
4.0 
2.9 
6.3 
4.3 
3.6 
(ii) RAJASTHAN 
1. Jaipur 
2. Bansawara 
3. Bikaner 
4. Bagpu, Jaishalmer 
5. Mohan Garh 
6. Ganga Nagar 
7. Shabhai Madhaupur 
8. Hanuman Garh 
441.0 
639.4 
(a) 324.0 
(b) 395.0 
(a) 456.4 
(b) 521.6 
(a) 564.5 
(b) 707.6 
(a) 471.6 
(b) 494.4 
(a) 781.7 
(b) 748.4 
(a) 583.8 
(b) 540.0 
52.0 
75.4 
38.2 
46.6 
54.0 
61.5 
66.6 
83.5 
55.6 
58.3 
92.2 
88.3 
69.0 
68.9 
0.7 
1.0 
0.3 
0.3 
0.5 
1.4 
0.6 
0.9 
0.7 
0.9 
1.9 
1.7 
1.3 
0.8 
1.6 
4.1 
1.1 
2.1 
1.9 
2.5 
3.0 
6.1 
2.8 
2.4 
6.9 
6.5 
3.9 
2.8 
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Table 5.2:- Radon exhalation rate, effective dose equivalent, uranium concentration and 
permeability of fly ash samples. 
Radon Effective Average Coefficient 
S.No. Details of Exhalation dose Uranium permeabilit 
samples rate equivalent concentration X 10"4 
( m B q m : h ' ) (uSvy 1 ) (|Jg/g) (cm/sec) 
Kasimpur (Unit-A), Aligarh 
(a) 
(b) 
(c) 
(d) 
(e) 
(0 
(g) 
(h) 
250.0 
255.1 
319.0 
301.0 
288.3 
270.4 
324.0 
209.0 
Kasimpur (Unit-B), Aligarh 
9. (a) 206.6 
10. (b) 273.0 
11. (c) 221.5 
12. (d) 293.6 
13. (e) 367.6 
Parichha, Jhansi 
14. (a) 212.0 
15. (b) 257.7 
16. (c» 275.7 
17. (d) 203.9 
18. (e) 338.6 
Obra, Mirjapur 
19. (a) 245.0 
20. (bi 278.1 
21. (ci 263.0 
22. (di 267.9 
23. (e> 234.7 
24. (ft 204.1 
25. (g> 227.1 
26. (hi 255.1 
27. (ii 206.7 
28. (ji 216.8 
29.5 28.4 3.1 
30.1 24.3 3.3 
37.6 33.4 5.1 
35.5 31.3 3.9 
34.0 30.6 3.7 
32.0 28.3 3.5 
38.2 30.0 3.8 
24.7 21.4 1.3 
24.4 22.6 1.0 
32.2 26.7 3.2 
26.1 21.7 1.9 
34.6 29.4 3.9 
43.3 32.3 5.3 
25.0 24.9 1.1 
30.4 29.0 3.3 
32.5 28.9 4.3 
24.1
 % 27.0 3.3 
40.0 30.2 4.7 
28.9 24.6 2.9 
32.8 30.3 4.0 
31.0 29.2 3.1 
31.6 28.6 3.6 
27.7 26.2 2.3 
24.1 23.4 1.3 
26.8 24.3 2.1 
30.1 27.9 2.6 
24.4 23.9 1.0 
25.6 26.3 1.5 
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Table 5.3:- Radon exhalation rate, effective dose equivalent, uranium concentration and 
permeability of cement samples. 
Radon Effective Uranium Coefficient of 
S.No. Brands of Exhalation dose concentration permeability 
cement rate equivalent X 105 
(mBq nr2 rr1) (uSv y1) (ug/g) (cm/sec) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
1 
1 
1 
1 
1 
J.R 
Diamond 
A.C.C. 
Chetak 
Vikram 
Bamaur 
Averest 
Birla White 
Chunar 
0. E.C.E. 
1. Parashuram 
2. J.K. 
3. Satana 
4. Birla Gold 
5. Mangalam 
66.3 
69.2 
52.0 
39.0 
48.0 
60.6 
45.4 
63.3 
56.8 
52.5 
62.6 
56.2 
45.3 
42.2 
29.8 
7.9 
8.2 
6.2 
4.6 
5.7 
7.2 
5.4 
7.5 
6.7 
6.2 
7.5 
6.6 
5.3 
5.0 
3.6 
2.0 
1.3 
1.4 
0.6 
1.1 
1.3 
1.2 
1.4 
1.5 
1.3 
2.3 
1.0 
1.2 
1.2 
0.9 
4.1 
4.6 
2.3 
2.1 
2.0 
3.1 
1.5 
3.9 
2.9 
2.4 
2.7 
3.6 
1.1 
1.7 
1.3 
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Table 5.4:- Average radon exhalation rate, effective dose equivalent and uranium 
concentration of soil, fly ash and cement cemples. 
Average ± S.D. 
S.No. Details of 
samples 
Radon 
No. of exhalation 
samples rate 
(mBqm 2 h ' ) 
Effective 
dose 
equivalent 
(uSvy-1) 
Uranium 
concentration 
(Mg/g) 
(1) Soil samples 
(aj Uttar Pradesh 11 661.8 ±170.0 78.1 ±20.1 1.9 ±0.8 
(b) Rajasthan 
(2) Fly ash samples 
14 547.8 ± 133.9 65.0 ± 15.8 0.9 ± 0.5 
(a) Kasimpur, Aligarh 13 
(b) Parichha, Jhansi 5 
(c) Obra, Miri apur 10 
(3) Cement samples 15 
275.3 ±47.5 
257.6 ± 54.4 
239.9 ±26.1 
52.6± 11.1 
32.5 ±5.6 27.0 ±4.0 
30.4 ±6.4 28.0 ±2.1 
28.3 ±3.1 
6.3 ± 1.3 
26.5 ±2.4 
1.3 ±0.4 
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emanation power of fly ash. Stranden, (1983) has also observed the radon 
emanation from fly ash concrete, significantly lower than from the identical 
concrete without fly ash. Somogyi et al., (1983) have indicated that, inspite 
of enhanced radium concentrations, the emanation power of fly ash samples 
collected from different Hungarian Coal-fired power plants is unusually low. 
The reported range of emanating power of fly ash is 0.002-0.02 (Stranden, 
1983). 
Although the reported 226Ra concentration (UNSCEAR, 1982) of the 
soil ranges from 10 to 50 Bq kg ! but they have much higher emanating power 
ranging from 0.05 to 0.70 as reported by Nazaroff et al., (1988). This may 
be one of the main reasons for higher exhalation rate of soil samples. The 
exhalation rate in cement samples is quite low as compared to fly ash and 
other building materials (Rawat et al., 1991) due to its low permeability and 
uranium concentration and hence the use of cement as building material may 
not pose any radiation risk. 
Figures 5.2 to 5.7 show the plots for the soil, fly ash and cement 
samples to establish the correlation in radon exhalation rate with the uranium 
concentration and permeability. A positive correlation has been found 
between the radon exhalation rate and the uranium concentrations and also 
with the permeability of the samples. The linear coefficients are found to be 
0.84. 0.88. 0.86, 0.85, 0.62 and 0.86 for figures 5.2 to 5.7. Permeabilities 
equal or above 10~7 cm2 or 0.01 cm/sec may be considered high (Sextro et 
al.. 1987). At these permeabilities, convective transport may become 
dominant over diffusion transport (Sextro et al, 1987). The values of 
permeability found in the present investigations for soil, fly ash and cement 
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samples are quite low. In soil the values are of the order of 10'3 cm/sec, in 
fly ash 104 cm/sec and in cement 10"5 cm/sec. 
The present study of radon exhalation rates suggests that fly ash is 
less harmful than ordinary soil due to its low emanating power. On the other 
hand due to its higher uranium and 226Ra contents and fine powder texture it 
would be more harmful if inhaled. It is desirable to control the amount of fly 
ash escaping from chimney stacks of the thermal power stations into the air 
during the combustion of coal. 
The radon exhalation rate with effective dose equivalents in rock 
samples collected from different mine areas i.e. Mosabani copper mine, 
Narwapahar and Jaduguda uranium mines and soil and rock samples collected 
from the vicinity of the Narwapahar mine are summarised in table 5.5. The 
average radon exhalation rate for the samples from these mines and their 
vicinity are given in table 5.6. It is observed from tables 5.5 and 5.6 that the 
radon exhalation rate varies from 4.5 to 6.2 Bq nr2h"' with an average value 
of 5.2 ± 0.7 Bq m 2h ' in Mosabani copper mine, from 0.2 to 5.5 Bq m2h"' 
with an average value of 2.3 ± 2.0 Bq m 2h"' in Narwapahar uranium mine 
and from 2.0 to 19.2 Bq nr2h"' with an average value of 9.9 ± 6.8 Bq m2h ' in 
Jaduguda uranium mine. The average uranium concentration vary from 45.6 
to 88.1 ug/g, 1.5 to 63.1 ug/g and 20.9 to 2097.9 ug/g in Mosabani, 
Narwapahar and Jaduguda mine areas respectively. The average uranium 
concentration and radon exhalation rates are highest for the samples from 
Jaduguda uranium mine. High values of radon exhalation rate in subsurface 
mines like Jaduguda (depth ~ 800 meters) and Masabani (depth > 1000 
meters) seem to emphasise the need of adequate ventilation sufficient for 
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Table 5.5:- Radon exhalation rate, effective dose equivalent and average uranium 
concentration in rock samples. 
Code 
No. 
Details of 
samples 
Radon Effective Average 
Exhalation dose Uranium 
rate equivalent concentration 
(Bqm^h1) (uSvy1) (ug/g) 
(a) MOSABANI COPPER MINE 
Crushed rock sample from the depth 
with respect to mine datum plane : 
Ml 900.5 metres 
M2 900.5 metres 
M3 1012.5 metres 
M4 1050.0 metres 
M5 1125.0 meters 
4.6 
5.3 
6.2 
5.6 
4.5 
542.5 
625.1 
731.2 
660.4 
530.7 
45.6 
52.5 
88.1 
69.1 
85.3 
(b) NARWAPAHAR URANIUM MINE 
Crushed rock samples from : 
Nl hillock outside mine 
N2 hillock outside mine opposite side 
N3 crushed rock 
N4 outside the vicinity of mine 
G1 Garra Nala section near Narwapahar mine 
S1 soil sample from outside 
hillock Narwapahar mine 
(d) JADUGUDA URANIUM MINE 
2.0 
1.5 
5.5 
2.3 
0.2 
235.9 
176.9 
648.6 
271.2 
23.6 
26.5 
16.1 
63.1 
22.4 
1.5 
1.8 212.2 15.5 
Jl 
J2 
J 3 
J4 
J 5 
Core crushed rock sample 
Crushed rock sample 
Crushed rock sample 
Crushed rock sample 
Crushed rock sample 
2.0 
5.5 
8.7 
14.0 
19.2 
235.9 
648.6 
1026.0 
1651.1 
2264.3 
20.9 
66.2 
303.5 
1031.1 
2097.9 
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Table 5.6:- Average radon exhalation rate, effective dose equivalent and uranium 
concentration in rock samples. 
Average ± S.D. 
S.No. Details of 
samples 
Radon Effective 
No. of exhalation dose 
samples rate equivalent 
{ Bqm-2h') (uSvy1) 
Uranium 
concentration 
(Mg/g) 
1 Mosabani copper mine 5 
2 Narwapahar mine 5 
3 Jaduguda uranium mine 5 
5.2±0.7 618.0±83.6 68.1 ±19.0 
2.3±2.0 271.2±231.2 25.9±22.8 
9.9 ±6.8 1165.2±805.3 703.9±878.0 
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smooth mine working and removal of radon and radon daughters. To establish 
the correlation between the radon exhalation rate and uranium concentration 
in the rock samples, the variation of radon exhalation rate with uranium 
concentration are plotted in figures 5.8 to 5.10. A positive correlation has 
been found between radon exhalation rate and uranium concentration. The 
linear coefficients are found to be 0.40, 0.98 and 0.95 in the Mosabani, 
Narwapahar and Jaduguda mine areas respectively. The present study exhibits 
the high sensitivity and accuracy of alpha track technique when compared to 
other geochemical exploration techniques. In addition SSNTD offers greater 
reliability due to its time integrated approach. 
In order to study the effect on the radon exhalation rates by adding 
different amounts of fly ash in the soil a separate experiment was performed 
to measure the radon exhalation rate from intimate mixtures of fly ash and 
soil samples. For this purposes, different percentage of fly ash were 
introduced into the soil (keeping the total volume of the sample constant). 
The soil samples were chosen for present study from Aligarh Muslim 
University Campus. 
As mentioned above, fly ash is frequently used as building material. 
The effect of fly ash as an additive to building materials, on the radon 
exhalation rates has been studied by several authors (Ulbak et al., 1983; 
Siotis and Wrixon, 1983; Stranden, 1983; Maraziotis, 1985). Conflicting 
results have, however, been reported. Thus whereas Stranden (1983) and 
Maraziotis (1985) report a reduction in radon exhalation from sample concrete 
with fly ash additive. Karamdoost et al., (1988) show a reduction in radon 
exhalation rate from soil samples with fly ash as an additive in it. Our own 
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experimental results on the use of fly ash additives (shown in table 5.7) to 
investigate any statistically reliable correlation. Gradual decrease in 
exhalation rate has been observed with the addition of fly ash in the soil 
samples. 
The average lifetime risk of lung cancer for a typical radon exhalation 
rate (Ex) of 573.2 mBq m 2h_1 (or CRn of 2.3 Bq nr3) from a building material 
comes out to be 2.1 x 104. This value has been estimated on the basis of an 
average life expectancy of 70 years and a lifetime risk factor of 2.8 x 10 4 
WLM ' as given by ICRP (1993). The lifetime risks from building materials 
only are quite low as compared to the lifetime risks recently found in Indian 
dwellings due to indoor radon (Singh et al., 1998) 
5.5 CONCLUSIONS 
The results of the present measurements of radon exhalation rate, 
uranium concentration and permeability in samples of soil, fly ash and cement 
suggests that though the uranium/radium concentration of fly ash samples 
were much higher than the soil and cement samples but the radon 
exhalation rate is almost of the same order as in soil but higher than cement 
samples. This indicates towards the low emanating power of fly ash. A clear 
positive correlation has been found between the radon exhalation rate and 
uranium concentration and also between the radon exhalation and the 
permeability of same type of material samples. The effective dose 
equivalents were estimated for indoor radon contributing only from building 
materials by estimating the radon exhalation rate in a standard room. The 
average lifetime risk of lung cancer is also estimated from the effetive dose 
equivalent. 
Table 5.7:- Radon exhalation rate in fly ash samples. 162 
S.No. Details of samples 
1. Soil (Civil Engg. Dept., 
A.M.U., campus) 
2. Fly ash (Kasimpur) 
3. 
4. 
5. Fly ash (Parichha) 
6. 
7. 
8. Fly ash (Obra) 
9. 
10. 
Addition of Radon activity Radon 
fly ash in (inside can) Exhalation rate 
soil (%) (Bq nv3) (mBq m^rr1) 
0 2329 849.5 
(a) 10 2151 784.7 
(b) 20 1909 696.4 
(c) 30 1445 527.1 
(a) 10 1818 663.1 
(b) 20 1439 524.9 
(c) 30 1103 402.5 
(a) 10 2050 747.7 
(b) 20 1685 614.5 
(c) 30 1090 397.8 
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6.1 INTRODUCTION 
Uranium occurs in dispersed state and has a heterogeneous distribution 
in earth due to the geochemical processes which have slowly recycled the 
crustal material to and from the earth's mantle. Although considered as the 
rare element it has higher content in earth's crust than other toxic elements 
such as K, Sb, Cd, Bi and Hg. It plays an important role in various 
cosmochronological, nucleo-synthesis events, toxicity and environmental 
pollution hazards. The technique has been utilised for the determination of 
uranium in water, milk powder, soils, portland cement, detergent and soaps, 
coal, fly ash and steel etc.. This technique requires the use of a nuclear 
reactor for irradiation of the sample. 
Nuclear fission is a process in which a heavy nucleus splits up into 
two parts after capture of neutron, which are considerably different from the 
target nucleus. Although nuclear fission has been produced from the 
bombardment of heavy nuclides by neutrons, protons, deutrons.a-particles 
and even electrons and gamma rays, the practical importance of nuclear 
fission is in thermal neutron induced fission of uranium and plutonium. 235U 
which constitutes only 0.71% of naturally occurring uranium, is the only 
naturally occurring nuclei that can be fissioned with thermal neutrons. Fission 
into more than two intermediate mass fragments is extremely rare. The energy 
released from fission of uranium has been estimated to be around 200 MeV. 
Out of this 170 MeV is provided as the kinetic energy of the fission fragments. 
Except for a very small fraction neutrons are emitted instantaneously and 
are could prompt neutrons. According to the compound nucleus picture, these 
are the neutrons which are boiled off from the highly excited compound 
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nucleus. In case of 2"U, 0.64% delayed neutrons are emitted having a time 
lag of several seconds to more than one minute after the fission. They arise 
out of the radioactive decay of a fission fragment. The energy distribution 
consists of two distinct groups having mean energies around 70 and 100 
Me V. Later studies based on the measurement of ionization velocities of the 
fission fragments indicate that the kinetic energy of these fragments is 167 
MeV for 235U fission produced by slow neutrons. The two groups of energies 
have maximum at about 68 and 99 MeV. 
The application of fission track method for the determination of 
uranium concentration was first suggested by Price and Walker (1963) and 
later the technique has been used widely for the determination of uranium 
concentration in wide variety of samples. 
In the present study, fission track registration technique has been 
applied for the trace determination of uranium in soil, cement, fly ash and 
rock samples. The soil samples were collected from different places of two 
major states viz. Uttar Pradesh and Rajasthan of India and fly ash were 
obtained from three major thermal power plants operating in our state at 
Kasimpur. Parichha and obra. Cement samples of various brands from 
different manufacturing companies were investigated. The rock samples were 
obtained from uranium and copper mines situated in Singhbhum district in 
the State of Biha*- (India). 
6.2 FISSION TRACK REGISTRATION TECHNIQUE 
The external detector method for the bulk determination of uranium 
in homogeneous solid phase materials using Solid State Nuclear Track 
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Detectors was suggested by Fleischer et al., (1975) and has been used widely 
in our laboratory (Azam and Prasad, 1989; Rawat et al., 1992; Jojo et al., 
1993). This employs dielectric solids which are capable of producing latent 
damage trails (tracks) of fission fragments passing through them. These latent 
tracks on atomic scale can be enlarged by the preferential chemical etching. 
Samples and standard material of known uranium concentration kept in close 
contact with dielectric detectors are irradiated with neutrons in the thermal 
column of a nuclear reactor. The latent tracks formed in the detector by the 
fission fragments from (n, f) reaction on 235U are visualized by chemical 
etching and the track densities are found. By comparing the track densities 
of the detectors in contact with samples and standard material, uranium 
concentration can be calculated. 
6.2.1 Preparation of samples for irradiation 
Samples were collected in clean and dry polyethylene bags. These 
samples were dried in an oven at 70°C for a few hours. The dried samples 
were grinded properly and sieved through 100 mesh sieve (size of grain, 100 
um). A homogeneous mixture of accurately weighed sample powder and 
methyl cellulose (used as binder, free from uranium) in the ratio 1:2 by weight 
was made. With 200 mg of this mixture, a thin pellet of about 1 mm thickness 
and 1.3 cm diameter was prepared by hydraulic pellet making machine 
applying a pressure of about 5 tonnes/cm:. Pellets of standard glass of known 
uranium concentration (0.77 ± 0.006 ug/g) were also prepared exactly in 
similar manner. Circular discs of Makrofol-KG plastic track detector of the 
same diameter as that of pellets were cut and washed with double distilled 
water. Each of these pellets was sandwiched between a pair of Markofol-KG 
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plastic track detector discs. All of the pellets of the samples and standard 
glass were enclosed in an aluminium cylinderical capsule. 
6.2.2 Irradiation of samples and calculations 
The assembly of pellets were irradiated with thermal neutrons in 
'APSARA' reactor, Bhabha Atomic Research Centre, Bombay, India. The 
neutron dose was so adjusted that the tracks may not be overcrowded. The 
neutron dose used for irradiation of fly ash and rock samples was ~ 1015 n.v.t 
and for soil and cement samples the dose was slightly higher. The latent 
damage tracks resulting from the (n, f) reaction on 2"U present in the samples 
and standard material are recorded on the MakrofoI-KG plastic track detectors 
kept in close contact with the pellets. After irradiation, the detector discs 
were separated from the pellets and washed properly in double distilled water. 
The dried detectors were chemically etched in 6.25N KOH solution at 60°C 
for 20 minutes in a constant temperature water bath to reveal the fission 
tracks. The developed fission tracks were scanned using an optical microscope 
at a magnification of 400X. The uniform distribution of tracks were found 
in soil and cement samples. In the case of fly ash and rocks a typical 
distribution of tracks with some clusters of tracks (in the form of sunbursts) 
in the background of uniform track density was observed. Therefore, the 
uniform and non-uniform track densities were mapped out separately. In the 
case of non-uniform track distribution (clusters/ sunbursts), the track density 
was calculated from the actual area occupied by each cluster/sunbrust. From 
these track densities the uranium concentrations were calculated using the 
equation (Jojo et al., 1993). 
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Ux = U s ( T x / T s ) ( I , / I , ) (6.1) 
Where the subscripts x and s represent for the sample and standard 
respectively; T, the fission track density and I, the isotopic abundance ratio 
of 235U and 238U. I/Ix has been taken as unity assuming that the isotopic 
abundance ratio is the same for the sample and standard substances (Sentfle 
et al.. 1957). For fly ash and rocks, the uranium concentration were calculated 
separately for uniform and non-uniform distributions. Any 232Th in the 
samples contributes very little to the total damage from (n, f) reaction due 
to very low cross-section for thermal neutrons (< 2.5 ub) as compared to 
580 b for 235U. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Soil samples 
The concentration of uranium in accessible lithosphere is estimated 
to be about 2.8 ppm with a widely varying concentration in different types 
of rocks (UNSCEAR, 1982). It is more abundant in acidic rocks than in basic 
rocks and is also found in lignite, monazite and phosphate deposits. These 
rocks come in contact with underground water and uranium is transferred 
from bed rocks by its leaching action to the water and then to the soil. Human 
activity like mining and milling is also a channel for transfer of underlying 
uranium to surface soil. Industrial activities involving earthern materials can 
also result in the redistribution of radionuclides in the soil. The phosphate 
rocks used in the manufacturing of fertilisers may have uranium as high as 
0.12 mg/g (Roessler et al., 1979). In an ammoniated phosphate and in triple 
superphosphate fertilisers, uranium content has been estimated to be 25.3 
pCi/g and 26
 P Ci/ g respectively. Thus the use of phosphate fertilizer may 
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also lead to increase the uranium concentration in soil. The concentration of 
radionuclides in soil is directly related to indoor and outdoor radiation 
exposure as well as their intake through food and water. Uranium in soil is 
transported to plants such as cerials, pulses, tubers grown in the soil and 
finds its way into the human body. Thus it is quite important to estimate the 
concentration of uranium in soil samples. Building materials are commonly 
derived from the natural materials such as sand, soil and rocks and may 
contain higher concentration of radionuclides, especially uranium and radium 
contributing a greater share to the indoor radon levels. Present investigations 
were undertaken to evaluate the uranium content and its radioactivity in soil 
samples. Samples were collected from normal background area of two major 
Indian States of Uttar Pradesh and Rajasthan. The assessment of uranium 
concentration in the soil collected from these regions may be useful to infer 
its contribution to the radiation level existing there. 
The results of the analyses through fission track registration technique 
of 37 soil samples collected from different places of the two states of India 
are cited in table 6.1. It is observed that uranium concentration in soil samples 
varies from 0.24+0.01 to 2.45+0.10 ug/g corresponding to its activity 
concentration of 5.9±0.3 to 60.7±2.4 Bq/kg respectively. The measured 
uranium concentration distribution in figures 6.1 and 6.2 show variation of 
uranium concentration in the soils of these states. A comparatively low level 
of uranium as compared to earlier results for soil from the State of Kerala 
and from nearby area of industrial units, has been found in the soil collected 
from the normal background areas of two major Indi; n States (Jojo et al., 
1991). Table 6.2 presents the values of earlier work alongwith other reported 
Table 6.1:- Uranium concentration in Indian soil samples. 
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Code 
S.No. Location of samples No. 
UTTAR PRADESH 
1. Dehtora, Agra Dl 
2. Dhana, Mathura D2 
3. Sasani, Aligarh SI 
4. Aligarh Muslim Univ. Campus 
(a) Electronics Engg. Dept. U1 
(h) Civil Engg. Dept. U2 
(c) Mechanical Engg. Dept. U3 
(d)J.N.Medical College U4 
(e) Mintocircle U5 
Average ± S.D. 
RAJASTHAN 
1. Jaipur 
2. Banswara 
3. Bikaner 
4. Mohan Garh 
5. Bagpu, Jaishalmer 
6. Ganga Nagar 
7. Shabhai Madhaupur 
8. Hanuman Garh 
Rl 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
Average ± S.D. 
Uranium 
No. of 
amples Concentration Activity 
(ug/g) (Bq/kg) 
2 1.07±0.04 26.5+1.0 
1 1.63±0.07 40.4±1.6 
2 0.74±0.03 18.3±0.7 
2 2.45±0.10 60.7±2.5 
2 1.56±0.06 38.7±1.5 
1 1.26±0.04 31.2±1.0 
1 1.49±0.04 36.9±1.1 
2 1.18+0.05 29.3±1.3 
1.42±0.51 35.3+12.6 
2 
1 
4 
1 
4 
4 
4 
4 
0.56±0.03 
1.02±0.04 
0.24±0.01 
0.62±0.03 
0.54±0.03 
0.71±0.03 
1.50±0.05 
0.78±0.03 
13.9±0.6 
25.3+1.0 
5.9±0.3 
15.4+0.7 
13.4+0.6 
17.6±0.7 
37.2+1.2 
19.3+0.8 
0.75±0.38 18.5+9.4 
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Table 6.2:- Reported uranium concentration in soil samples. 
Country Uranium 
Concentration 
References 
United States 
United Kingdom 
Northern Germany 
Antarctica 
India 
World average 
0.6 
0.9 
0.3-60 
0.036-0.364 
0.023-0.430 
2-13 
0.24-2.45 
0.8-4.1 
Report, OECD, May 1979 
Londheetal., 1984 
Report, OECD, May 1979 
Londheetal.. 1984 
Bonka. 1981 
Jojoetal., 1995 
Azam and Prasad. 1989 
Chakravartietal. 1980 
Present Values 
UNSCEAR, 1982 
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Figure 6.1. Uranium concentration distribution in 
Uttar Pradesh Soil. 
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Figure 6.2. Uranium concentration distribution in 
Rajasthan soil. 
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values of uranium concentration in soil samples from different countries. 
The values are comparable but considerably higher than that in the soil 
samples from Antartica. 
6.3.2 Cement samples 
Cement is obtained by burning a mixture of calcareous and argillaceous 
materials at very high temperature. Mixture of ingrediants should be intimate 
and they should be in correct proportion. Calcined product is known as 
clinker. A small quantity of gypsum is added to clinker and it is then 
pulverized into very fine powder which is known as cement. Common variety 
of artificial cement is known as ordinary cement. It was first of all introduced 
in 1824 by Joseph Aspdin in England. 
An approximate composit ion of raw materials used for the 
manufacturing of ordinary portland cement is 
Ingredients Percentage 
Lime (CaO) 62 
Silica (SiO,) 22 
Alumina (A1,03) 5 
Calcium sulphate (CaS04) 4 
Iron oxide (Fe (X) 3 
Magnesia (MgO) 2 
Sulpher(S) 1 
Alkalies I 
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These natural materials used in different proportions in the manufacturing 
of cement contain substantial trace amount of 238U in varying concentrations. 
At present cement is widely used in the construction of various 
engineering structures. It has proved to be one of the leading building material 
of modern time. Mostly cement is used for masonary work, plaster, painting, 
concrete for lying floors, roofs and constructing lintels, beams, weather sheds, 
stairs, pillars etc. 
Fly ash is now widely used for the manufacture of protland pozzolana 
cement and thus stresses the need for having an estimation of uranium content 
in cement samples of different brands used in our region. 
Uranium and its activity concentrations of cement samples are 
presented in table 6.3. It is observed that uranium levels in cement samples 
varies from 0.61±0.02 to 2.30±0.07 ug/g and its corresponding activity 
concentration varies from 14.9+0.4 to 57.0±1.6 Bq/kg. From the results lower 
levels of uranium and its activity concentrations have been found in cement 
samples from different manufacturing companies. These brands of cement 
are commonly used in the construction activities in our region. Other reported 
uranium and its activity concentrations in Indian cement are found as 2.95 
ug/g and 73.10 Bq/kg (Jojo, 1993). 
6.3.3 Fly ash samples 
Natural materials such as coal contain various trace elements including 
uranium, thorium and their radioactive decay products. The combustion of 
pulverized coal in power station boilers results in concentrating some 30-40 
trace elements, including radioactive nuclides in the mineral residue (Dreeson 
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Table 6.3:- Uranium concentration in cement samples. 
Uranium 
S.No. Brands of cement 
samples Concentration Activity 
(Mg/g) (Bq/kg) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
J.P. 
Diamond 
A.C.C. 
Chetak 
Bikram 
Bamaur 
Averest 
Birla White 
Chunar 
E.C.C. 
Parashuram 
J.K. 
Satana 
Birla Gold 
Mangalam 
1.99±0.06 
1.30±0.04 
0.61±0.02 
0.63±0.02 
1.10±0.03 
1.02±0.03 
1.15+0.03 
1.42±0.04 
1.50±0.04 
1.26±0.04 
2.30±0.07 
0.99±0.03 
1.18±0.03 
1.18+0.03 
0.88±0.03 
49.6+1.5 
32.2±0.9 
15.1+0.4 
15.6±0.4 
27.3±0.8 
24.8±0.7 
29.7±0.8 
34.7±1.0 
37.2+1.1 
32.2±1.0 
57.0±1.6 
24.8±0.7 
29.7±0.8 
29.7±0.8 
22.3±0.7 
Average ± S.D. 1.23±0.45 30.8+1 l.l 
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et al., 1977; Chatterjee and Pooley, 1977; Coles et al., 1978, Swaine, 1978). 
During thermal power generation a small portion of ash is released into the 
atmosphere while the bulk ash is collected for further use or disposed of as 
a solid waste. Chemically, fly ash is an alumino-silicate glass consisting of 
oxides of Si, Al, Fe and Ca with minute amounts of Hg, Na, K, Ti, S and 
various trace elements including the radioactive elements 238U, 232Th and 40K 
(Papastefanou and Charalambous, 1984; Palit et al., 1991 a, b). Thermal 
power generation which contributes about 72% of over all power generation 
in India occupies a predominant place in power sector. The bulk of this power 
generation is coal based. It is estimated that the production of coal ash in 
India is likely to exceed 1.3 x 10" tonnes per year by the turn of the century. 
The indiscriminate use of fly ash in the production of portland cement, areated 
concrete, fly ash clay bricks and building blocks, for road making and also 
in the filling of the underground cavities may result in radiation exposure of 
humans to unacceptable levels (Coles et al, 1978; Stranden, 1983; Ulbak et 
al., 1984). Thus it is important to estimate the concentration of uranium in 
fly ash samples for the assessment of radiation exposure levels. 
In the present investigations estimates have been made of the trace 
uranium concentration in fly ash and slag samples collected from three major 
thermal power plants of India situated in the state of Uttar Pradesh . 
Twenty Light fly ash samples were obtained from three large thermal 
power plants operating in our state i.e. Kasimpur, Parichha and Obra. The 
levels of uranium concentrations in fly ash samples are presented in table 
6.4. The average uranium and its activity concentrations for these samples 
are presented in table 6.5. The distribution of tracks was found to be un-
Table 6.4:- Uranium concentration in fly ash samples. 
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S.No. Details of samples 
Uranium concentration (ug/g) 
Uniform Non-uniform Average 
Uranium 
Activity 
(Bq/kg) 
(i) KASIMPUR, UNIT-A 
(a) 
(b) 
(c) 
(d) 
(e) 
(0 
(g) 
(h) 
8.32 
7.29 
9.37 
7.33 
8.19 
9.63 
9.14 
6.15 
48.49 
41.33 
57.43 
55.28 
53.02 
46.99 
50.88 
36.68 
28.41 
24.31 
33.40 
31.31 
30.61 
28.31 
30.01 
21.42 
704 
603 
828 
776 
759 
702 
744 
531 
(ii) KASIMPUR, UNIT-B 
9. 
10. 
11. 
12. 
13. 
(a) 
(b) 
(c) 
(d) 
(e) 
6.38 
7.89 
8.35 
9.36 
9.79 
38.83 
45.53 
35.09 
49.49 
54.81 
22.61 
26.71 
21.72 
29.43 
32.30 
560 
662 
538 
729 
801 
(iii) PARICHHA, JHANSI 
14 
15 
16 
i / 
18 
(a) 
(b) 
(c) 
(d) 
(e) 
8.73 
7.24 
9.06 
6.33 
8.23 
41.07 
50.79 
48.79 
47.69 
52.19 
24.90 
29.02 
28.93 
27.01 
30.21 
617 
719 
716 
669 
749 
(iv) OBRA, MIRJAPUR 
19. 
20. 
21. 
n 
23. 
24. 
25. 
26. 
27. 
28. 
(a) 
(b) 
(c) 
(d) 
(e) 
(0 
(g) 
(h) 
(i) 
0) 
6.91 
7.31 
8.93 
5.89 
6.23 
8.01 
7.31 
8.73 
7.69 
6.73 
42.23 
53.18 
49.37 
51.29 
46.21 
38.73 
41.31 
47.10 
40.13 
45.79 
24.57 
30.25 
29.15 
28.59 
26.22 
23.37 
24.31 
27.92 
23.91 
26.26 
609 
750 
723 
709 
650 
579 
603 
692 
593 
651 
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Table 6.5:- Average uranium concentration in fly ash samples. 
Average uranium concentration (ug/g) Average 
S.No. Details of No. of Uranium 
samples samples Uniform Non-uniform Average Activity 
±S.D. ±S.D. ±S.D. ±S.D. (Bq/kg) 
1. KASIMPUR 13 8.25+1.20 47.22±7.34 27.73±4.06 687±101 
2. PARICHHA, JHANSI 5 7.92±1.12 48.11±4.30 28.01±2.08 694±52 
3. OBRA, MIRJAPUR 10 7.37±0.99 45.53±4.87 26.46±2.42 656±60 
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even and thus uniform and non-uniform distribution of uranium are given 
separately. The uniform concentration varies from 5.89 to 9.79 ug/g while 
the non-uniform concentration was found to vary from 35.09 to 57.43 ug/g. 
A perusal of the results (Table 6.4) indicates that the non-uniform distribution 
of uranium varies by a factor of 4.2 to 8.7 as compared to the uniform 
distribution. The crowded uranium atoms are responsible for non-uniform 
distribution. The levels of uranium concentration in fly ash are higher when 
compared to coal and other earthern materials such as soil and sand (Azam 
and Prasad, 1989; Singh et al., 1998). Enhancement of some trace elements 
in fly ash has been explained by Natusch et a!., (1974) using a volatilization 
condensation mechanism. Uranium is found to exist in coal as the silicate 
mineral (coffinite) and uraninite (UG\). During combustion the refractory 
coffinite remains in fly ash while uraninite is vapourised and later condensed 
on fly ash when the flue gases cool. A comparative study can be made with 
the help of tabic 6.6, which presents the reported ranges of uranium in fly 
ash in many countries. It is evident that the uranium levels found in fly ash 
from India are higher as compared to those from Germany, Italy, Poland, 
USA etc. But they are comparable with the uranium levels found in Greece. 
6.3.4 Rock samples 
Rock represents a definite portion of earth's surface. It is not 
homogeneous and has no definite chemical composition and shape. It usually 
consists of a mixture of two or more minerals. Geologically there are three 
types of rocks found in nature namely igneous, sedimentary and metamorphic. 
Igneous rocks are mainly of three types; granite, dolerite and basalk. Gravel, 
sandstone, limestone, gypsum, lignite etc. are the examples of the sedimentary 
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Table 6.6:- Reported values of uranium concentration in fly ash samples. 
Country Uranium Activity 
(Bq/kg) 
References 
Germany 
Greece 
India 
Poland 
Italy 
USA 
300 
990-1735 
172-1599 
44-170 
80-100 
160-200 
Jacobi, 1981 
Papastefanou and 
Charalambous, 1980 
Jojo, 1993 
Tomezynska et al., 1981 
Mastinu, 1980 
McBride et al., 1978 
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rocks. The third type (metamorphic rock) is the mixture of igneous as well 
as sedimentary rocks. The examples of metamorphic rocks are gneiss, 
quartzite, marble and slate etc. These rocks also contain substantial trace 
amount of 2,8U in varying concentrations (UNSCEAR, 1982). Igneous and 
metamorphic rocks have higher uranium concentration than sedimentary 
rocks. The earth's crust is composed of 95% igneous and 5% sedimentary 
rocks. 
The rock samples investigated in the present study were collected from 
uranium and copper mines situated in the singhbhum district of the state of 
Bihar. The Singhbhum shear zone is 200 km long and is traceable from 
Duarpuram in west to Baharagora in the east. It is well known for the copper, 
uranium and apatite-magnetite ore deposits (Sarkar and Saha, 1986). Figure 
6.3 shows the geological map of the Singhbhum shear zone indicating the 
significant copper and uranium mineralisation. The shear zone separates a 
northern terrain of younger metamorphosed rocks of higher grade 
(Singhbhum group) from the southern terrain of comparatively lower grade 
of metamorphism of older age (Iron ore group and Singhbhum granite). Three 
types of mineralisations, occurring here are: sulphides of copper and other 
metals, uranium oxides and apatite-magnetite. The major deposits of copper 
occur in the south-eastern part Tamapihar-Roam-Rakha and Surda-Mosabani-
Badia. The central part between Jaduguda-Bhatin-Nimdih, Narwapahar-
Garadih-Turamdih and Mohuldih is enriched in uranium (Sinha et al., 1990; 
Sengupta et al., 1996). The copper and uranium mineralisations are, often, 
but not necessarily closely associated (Bhattacharyya, 1992). 
Preliminary studies carried out in Surda-Mosabani-Badia indicated the 
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presence of uranium in the tailings of the copper ores hosted by the soda 
granite-feldspathic schist. Bulk samples from various locations within the 
mines exhibited about 80-125 ppm of U3Og (Natarajan et al., 1992). Uranium 
in this part as in all other sections of the shear zone is mostly in the form of 
uraninite and is amenable to concentration. The Jaduguda mines located 
almost in the middle of the shear zone is the richest deposit of uranium in 
the entire belt and is being mined for its uranium ore for almost two decades 
now. The host rock for the mineralisation here is the apatite-magnetite-
tourmaline-biotite-chlorite bearing quartz schist. The grade of the ore 
increases from an average of 0.067% U3Og to about 0.20% (Bhola, 1971). 
The mineralisation of uranium has been found to exist upto a vertical depth 
of 800 metres. It continues even deeper though at the deeper levels it is 
affected by a major fault. Narwapahar uranium deposit has a larger spatial 
extent with a total strike length being estimated to be more than 3 kms. The 
host rock is sericite chlorite schist with abundant albitic feldspars in various 
locations. The ore grade here averages -0.058% of U308 and the ore bodies 
extend to a depth of 460 metres (Bhola, 1971). 
The uranium and its activity concentrations in rock samples collected 
from different mine areas i.e. Mosabani copper mine, Narwapahar and 
Jaduguda uranium mines and soil and rock samples collected from the vicinity 
of the Narwapahar mine are summarised in table 6.7. The average uranium 
and its activity concentrations for the samples from these mines and their 
vicinity are given in table 6.8. The distribution of uranium is ovserbed to be 
uneven. Uneven distribution of trace elements are very common in crustal 
rocks. The uniform and non-uniform distributions are given separately in 
Table 6.7:- Uranium concentration in rock samples. 187 
Code Details of samples 
No. 
Uranium concentration (ug/g) Uranium 
Activity 
Uniform Non-uniform Average (Bq/kg) 
(a) MOSABANI COPPER MINE 
Ml 
M2 
M3 
M4 
M5 
Crushed rock sample 
with respect to mine 
900.5 metres 
900.5 metres 
1012.5 metres 
1050.0 metres 
1125.0 meters 
from the 
datum 
depth 
plane: 
10.5 
9.9 
13.2 
10.3 
10.8 
80.7 
95.1 
162.9 
127.8 
159.8 
45.6 
52.5 
88.1 
69.1 
85.3 
1130 
1302 
2184 
1713 
2115 
(b) NARWAPAHAR URANIUM MINE 
Crushed rock samples from : 
Nl hillock outside mine 
N2 hillock outside mine opposite side 
N3 crushed rock 
N4 outside the vicinity of mine 
G1 Garra Nala section near 
Narwapahar mine 
S1 soil sample from outside 
hillock Narwapahar mine 
6.1 
4.2 
10.3 
8.4 
1.5 
46.8 
27.9 
115.9 
36.4 
— 
26.5 
16.1 
63.1 
22.4 
1.5 
657 
399 
1564 
555 
37 
5.7 25.3 15.5 384 
(c) JADUGUDA URANIUM MINE 
Jl 
J2 
J3 
J4 
J5 
Core crushed rock sample 
Crushed rock sample 
Crushed rock sample 
Crushed rock sample 
Crushed rock sample 
4.0 
13.8 
26.6 
50 9 
80.4 
37.8 
118.5 
580.3 
2011.2 
4115.3 
20.9 
66.2 
303.5 
1031.1 
2097.9 
518 
1641 
7524 
25561 
52007 
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Table 6.8:- Average uranium concentration in rock samples. 
S.No. Details of No. of 
samples samples 
Average uranium concentration (ug/g) 
Uniform Non-uniform Average 
±S.D. ±S.D. ±S.D. 
Average 
- Uranium 
Activity 
±S.D.(Bq/kg) 
1. Mosabani copper mine 5 
2. Narwapahar mine 5 
3. Jaduguda uranium mine 5 
10.9±1.3 125.3±37.1 68.1±19.0 1689±472 
6.1 ±3.5 56.8±40.2 25.9±22.8 642±566 
35.1+30.8 1372.6±1725J703.9±878.0 17450+21766 
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the tables 6.7 and 6.8. A perusal of the results (table 6.7) indicates that the 
non-uniform distribution of uranium varies by a factor of 4.3 to 14.8 when 
compared to the uniform distribution for the Mosabani and Narwapahar 
mines. However, the variations observed for the Jaduguda mine samples are 
much larger as much as by a factor of 8.6 to 51.2. The average uranium and 
its activity concentrations are also highest for the Jaduguda mine samples. 
This is expected as the Jaduguda ore deposit has the highest grade of uranium 
in the Singhbhum shear zone. The uranium concentrations in the nearby 
copper mine are quite high as compared to the soil sample collected from 
hillock outside Narwapahar mine and very low uranium concentration is 
found in Garra Nala section rock samples collected from the place near 
Narwapahar mine. The later should reflect the average background activity 
of uranium in this region. Earlier measurements (Sengupta et al., 1996) of 
uranium concentration in samples from Mosabani copper mine and Jaduguda 
uranium mines through gamma ray spectroscopy report the values from 70 
to 6790ug/g . Our results lie within the limits. The present study exhibits 
the high sensitivity and accuracy of fission track technique when compared 
to other geochemical exploration techniques. 
6.4 CONCLUSIONS 
From the results obtained from the microanalysis of soil, cement, fly 
ash and rock samples the following conclusions can be drawn. 
* The aim of the present work was to study if the knowledge of the 
source term (uranium) was sufficient to estimate the levels of radon 
emanation from the crushed rock and other samples used as building 
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materials and its escape into the atmosphere. 
In order to achieve this goal, geological samples from different parts 
of the Singhbhum shear zone, characteristics for their high 
concentration of uranium/radium have been studied. 
Building materials contribute a considerable amount of indoor 
radioactivity. 
The assessment of uranium concentration in the soil samples collected 
from normal background areas of two major Indian states may be 
useful to infer its contribution to the total radiation level existing 
there. 
A comparatively lower levels of uranium as compared to earlier results 
for soil from the state of Kerala and from nearby area of industrial 
units has been found. 
Lower levels of uranium are also found in various brands of cement 
samples. 
Due to higher levels of uranium in fly ash even a small spread out 
may pose environmental problem. 
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Abstract — Measurements of indoor radon concentrations in about 150 dwellings of Kohima (Nagaland), Baijnath and Paiampur 
(Himachal Pradesh) and Dehradun (Uttar Pradesh) were carried out to assess the variability of expected exposure of the population 
to radon and its progeny. The geometric mean values of the radon concentrations for 65 dwellings in Kohima. 43 dwellings in 
Paiampur and Baijnath. and 34 dwellings in Dehradun measured by LR-115 type II detectors were 88 Bq.nr', 134Bq.m":l and 
57 Bq.nr1 with geometrical standard deviations of 1.7, 2.3 and 1.7 respectively. The radon distribution in Kohima was found 
to be approximately log-normal; however, the radon distribution in Paiampur and Baijnath (H.P.) and in Dehradun (U.P.) seems 
to be bi-modal. The mean annual effective doses from inhaled radon daughters in Kohima, Paiampur and Baijnath, and Dehradun 
are estimated to be 1.5 mSv, 2.3 mSv and 1.0 mSv respectively. 
INTRODUCTION 
The occurrence of radioactive radon gas (:22Rn) and 
its decay products in homes may contribute towards 
lung cancer incidence in many parts of the world" ". 
Several surveys have been performed in Europe and 
North America'4-71, which revealed that some countries 
have high Rn concentrations in many of their dwellings. 
Very few surveys have been done in Asian countries 
since they are normally considered to have hot climates 
and are not likely to have high Rn concentration in their 
dwellings. For the last fifteen years our laboratory has 
been actively engaged, through various government 
funded research projects, in carrying out Rn measure-
ments in dwellings, apartments, multi-storied buildings, 
thermal power stations and in soil gas. The results of 
these surveys have already been published'8 10>. The 
conditions prevailing in India with respect to people's 
life-styles, building construction type, topography and 
meteorological parameters are very different from those 
prevailing in temperate countries. Earlier studies for Rn 
measurements show higher values in some dwellings, 
even higher than those found in some North American 
dwellings. THis prompted an investigation of Rn levels 
in more dwellings to establish a database for Rn level:, 
in Indian dwellings. 
This paper reports the survey of Rn levels carried out 
in about 150 dwellings in several cities situated in hilly 
regions of three provinces of India, i.e. Naga.and. Hima-
chal Pradesh (HP.) and Uttar Pradesh (U.P). 
EXPERIMENTAL DETAILS 
The passive time-integrated method of using a solid 
state nuclear track detector was employed for measuring 
the potential alpha energy concentration (PAEC) of 
radon daughters in Working Level (WL) units. Kodak 
LR-115 Type II film was used as the detector in bare 
mode. The piece of detector film (2 cm X 2 cm) fixed 
on a thick flat card was exposed in bare mode by hang-
ing the cards on the wall in the dwelling for a period 
of 90 days, so that the detector viewed a hemisphere of 
air of radius at least 6.9 cm, the range of 2,4Po a par-
ticles in air. No surface should be closer than this range 
as daughter plateout would act as an indeterminant a 
particle source. The track density in the bare detector 
will, therefore, be a function of radon daughter concen-
tration in air. 
To know the PAEC of radon daughters in mWL it 
is essential to calibrate the detectors with a known Rn 
concentration under almost similar conditions to those 
which prevail in Indian dwellings. For this purpose, the 
detectors were calibrated in a 'Radon exposure cham-
ber' at the facility available at the Environmental 
Assessment Division of Bhabha Atomic Research 
Centre, Bombay. The details of the experiment are given 
elsewhere"". The mean calibration factor for LR-115 
type II detector was found to be 442 ± 60 
tracks.cnr:.d~' per WL with relative SD of 27%. 
After exposure, the detector films were collected and 
brought back to the laboratory for analysis. The films 
were etched in 2.5N NaOH solution at 60 ± 1CC for 
90 min in a constant temperature water bath. The coun-
ting of alpha tracks was done using a binocular optical 
research microscope with a magnification of 400x. At 
least 300-400 tracks were counted for each detector to 
keep the statistical error of counting to a minimum. 
RESULTS AND DISCUSSIONS 
The results of these measurements are shown in 
Table 1. The geometrical mean of the concentrations in 
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Kohima (Nagaland), Palampur and Baijnalh (H.P.) and 
Dehradun (U.P.) measured by etched track detectors 
were 88 Bq .m\ 134Bq.m ' and 57 Bq.nT1 with the 
geometrical standard deviations of 1.7, 2.3 and 1.7 
respectively. There is a statistically significant differ-
ence between the geometric means of the concentrations 
in these places. Figure 1 (a-c) presents the measured 
radon concentration distributions and shows that in all 
three places radon concentrations vary appreciably from 
dwelling to dwelling. The log-normal distribution is 
widely accepted for describing radon results from sur-
veys of single family detached dwellings'61-1. This 
implies that on a logarithmic scale, radon concentration 
may be depicted approximately by a normal distri-
bution. The radon distributions in the present measure-
ments are found to be approximately log-normal in 
Kohima (Nagaland) and approximately bimodal in 
Palampur and Baijnath (H.P.) and also in Dehradun 
(U.P.). Measurements are in progress to collect enough 
data to separate the houses with higher concentrations 
from those with lower concentrations to find features 
responsible for the difference. 
Normal probability plots for the houses of these three 
places are shown in Figure 2(a-c). In Figure 2(a). the 
points appear to fall on a straight line indicating that 
radon measurements are log-normally distributed. How-
ever, the disiributions seem to be bimodaJ in 2(b) and 
2(c). 
A quite significant difference was observed among 
the mean values of radon concentrations for dwellings 
at different places. The pnme reason for this may be the 
different geological environments of the three places. 
Kohima (Nagaland), belonging to the hilly North-East-
ern region of India, is situated at a major plateau bound-
ary (subduction zone). It has mainly sedimentary rocks 
having rich uranium deposits. The soil in these areas 
contains comparatively higher levels of uranium and 
thorium found by the Atomic Minerals Division of the 
Department of Atomic Energy, Government of India. 
The enhanced levels of radon in Palampur and Baijnath 
in H.P. may be attributed to the higher uranium contents 
in nearby rocks and soil. The uranium concentration in 
rock samples, varying from 5.91 to 10.85 ppm with a 
mean value of 7.95 ppm, and from 4.11 to 6.90 ppm 
with a mean value of 6.02 ppm in soil samples of this 
region have been reported by Kanvar el a/."". Most of 
these houses are single storey buildings and are con-
structed from local rocks, mud and wood and have natu-
ral ventilation. Dehradun situated at the plateau of the 
hilly region is supposed to be a normal background 
region. 
Using the arithmetic mean concentration of the three 
places by etched track techniques and the method out-
lined by the ICRP in Publication 65'14', the mean annual 
effective dose from inhaled radon daughters in Naga-
land, H.P. and U.P. is estimated to be 1.5 mSv, 2.3 mSv 
and 1.0 mSv, respectively. In these calculations a value 
of 0.5 as equilibrium factor has been used. As there is 
no radon action level adopted by India so far, we may 
rely on the ICRP recommendations for this purpose. 
ICRP 65 recommends that the action level of radon be 
in the range between 200 and 600 Bq.m"'1. Some dwell-
ings of Nagaland and H.P. fall within this range arid 
action to reduce the radon levels is suggested. 
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Table 1. Radon concentrations in Indian dwellings. 
Rn concentration (Bq.irr' 
AM SD 
100 51 
156 % 
65 36 
GM 
88 
134 
57 
) 
GSD 
1.7 
2.3 
1.7 
Range 
21-266 
28-371 
21-163 
No of 
dwellings 
65 
43 
34 
1. Kohima (Nagaland) 
2. Palampur and Baijnath (Himachal Pradesh! 
3. Dehradun (Uttar Pradesh I 
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CALIBRATION OF TRACK DETECTORS AND MEASUREMENT OF RADON 
EXHALATION RATE FROM SOLID SAMPLES 
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ABSTRACT: CR-39 and LR-115 type II track detectors to be used for radon exhalation measurements have been 
calibrated. The configurations fitted with detectors in 'Can technique' in the open cup mode are cylinderical plastic 
cup (PC) and conical plastic cup (CPC). The experiment was performed in radon exposure chamber having 
monodisperse aerosols of 0.2 pm size, to find the relationship between track density and the radon concentration. 
The calibration factors for PC and CPC type dosimeters with LR-115 type II detector were found to be 0.056 and 
0.083 Tracks cm~2d"1 (Bq rrf3)"1 respectively, while with CR-39 detector the values were 0.149 and 0.150 Tracks 
cm~2d~1 (Bq n f 3 ) - 1 . Employing the 'Can technique'; measurements of exhalation rates from solid samples used 
as construction materials, are undertaken. Radon exhalation rate is found to be minimum in cement samples while 
in fly ash it is not enhanced as compared to coal samples. 
Keywords: Radon, Calibration, SSNTD, CR-39, LR-115, 'Can'technique Rad. Prot. Env. (1997), 20 (3), 129 - 133 
1. INTRODUCTION 
Building materials are one of the main 
contributors to radon exposure to human beings in 
dwellings. In recent years various waste materials 
obtained from thermal power plants, chemical and 
metallurgical industry are being used as building 
materials. Many of them like furnace slag, fly ash and 
by-product gypsum etc., contain significant amount of 
natural radionuclides from uranium and thorium series 
and their indiscriminate use may be the potential health 
risk to the population. In some countries houses built 
with fly ash mixed concrete blocks show enhanced 
radon concentration (Blaton-Albicka and Pensko, 1981). 
Stranden (1983) has also indicated enhanced exposure 
both to gamma radiations and radon daughters if fly ash 
is the main component of the building material. 
Therefore, it is desirable to develop a simple and 
efficient method for radon emanation measurements in 
a large number of samples to get the representative data 
for emission of radiation from construction materials. 
One of the simplest and efficient method is the 'Can 
technique' using solid state track detector (Abu-Jarad et 
al.. 1980, Rawat et al., 1991; Khan et al., 1992) which 
has been modified for these measurements. By this 
passive measuring device, a large number of time 
integrated radon exhalation measurements can be done 
by using relatively small amount of specimen. In order 
to get the actual radon concentration in the Can, the 
track detectors should be calibrated under controlled 
conditions and known radon concentrations. This paper 
presents the result of the calibration experiment, and 
radon exhalation rate measurements carried out in 
different materials. 
2. EXPERIMENTAL DETAILS 
Calibration of track etch detectors (CR-39 and 
LR-115 type II) for the two cup geometries were 
performed and then the 'Can technique' is employed to 
measure the radon exhalation rate for various solid 
samples. 
2.1 Calibration Experiment 
The calibration experiment was carried out at the 
Environmental Assessment Division (EAD), Bhabha 
Atomic Research Centre (BARC), Mumbai. The details 
of the experimental setup have been given elsewhere 
(Khan et al., 1990; Jojo et al., 1994). The setup is well 
tested for its performance and accuracy (Subba Ramu 
etal.,1990). 
Nuclear track detectors (LR-115 type II and 
CR-39) were exposed to the 'Open Cup' mode. Two 
types of radon dosimeters were calibrated, one of these 
developed by the authors, was a cylindrical plastic cup 
(PC) having 4.5 cm height and 7.0 cm diameter. The 
thickness of *he walls of the cup was about 0.5 mm. The 
detector of 2 cm x 2 cm size was fixed at the top inside 
of the cup with sensitive surface facing the air in the cup. 
This type of the cup has been successfully used in the 
measurement of the radon exhalation rate from building 
Radiation Protection and Environment, Vol. 20, No. 3, 1997 129 
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materials (Abu-Jarad et al., 1980; Rawat et al., 1991) 
and soil air radon measurements (Jojo et al., 1991). The 
second cup was a conical plastic cup (CPC) similar to 
the cup used by Tarradex Corporation (USA), having 9.5 
cm height, 6.8 cm diameter at the open mouth and 4.5 
cm diameter at the bottom. The configuration is mainly 
used to measure the radon concentration in dwellings. 
Open cup fitted with track detectors were hung inside 
the radon chamber with their open mouth up side. 
Five experiments with different known radon 
concentrations and exposure times were carried out to 
find the relationship between the measured track 
production rate against radon concentration in terms of 
Bq m - 3 and Potential Alpha Energy Concentration 
(PAEC) of radon daughters. The details of the exposure 
are given in Table - 1. The exposure time was selected 
according to the concentration of radon and aerosols in 
the chamber so as to record enough and statistically 
reliable number of tracks on the detectors. The levels of 
radon and aerosols were periodically measured 
throughout the course of the experiment. Before 
passing the radon in the chamber, monodisperse 
aerosols of 0.2 urn aerodynamic size from a Lamer -
Sinclair type condensation aerosol generator were 
introduced in the chamber. The aerosol generating 
material used was di-2-ethyl hexyle sebacate. The 
geometric standard deviation for these aerosols was 
1.2. The aerosol size chosen for the present study was 
quite stable during the experimental period. Losses due 
to both diffusion and deposition were minimum for the 
size of the monodisperse aerosols used. The 
concentration of aerosols is measured by Rich small 
particle counter. The radon source was a solution of 
radium nitrate of 1.85 x 105 Bq activity in 150 ml of HNO3 
kept in a flask. Radon emanating from the solution was 
carried into the exposure chamber through an inlet by 
the ftow of nitrogen gas (1 I min-1) passing above the 
solution surface. 
During the experiment the concentration of radon 
daughters was measured by drawing a known volume 
of air from the exposure chamber using a vacuum pump 
at 101 min"1 for about 5 minute through a millipore filter 
paper (type AA) of 2.5 cm diameter and 0.8 um pore size. 
The alpha activity on the filter paper was counted by 
ZnS(Ag) counter having a background of 30 counts h 
and 45% efficiency. Radon daughter concentrations 
were estimated from the gross alpha counts using a 
computer programme incorporating the necessary steps 
to evaluate the deposition rate, daughters' concentration 
etc. (Rangarajan and Dutta, 1976) after making sure that 
the activity of thoron daughters on the fitter paper sample 
was negligible. The concentration of radon gas was 
measured by collecting a sample of filtered gas from the 
exposure chamber in an aluminium chamber of 51 
capacity and then collecting the daughters formed inside 
the chamber on a negatively charged aluminium plate 
and subsequently counting the activity collected on the 
plate with an alpha counter. The concentration of radon 
gas was obtained by making use of the relationship 
developed by Srivastava (1983). On an average at least 
three air filter samples were collected after every 8 
hours' interval for each set of experiment. 
After the exposure CR-39 detectors were etched 
in 6N NaOH at 70 ± 1*C for 10 h and LR-115 type II in 
2.5N NaOH solution at 60 + 1"C for 90 minutes. 
Registered alpha tracks were counted using an optical 
microscope having magnification of 400%. Counting of 
tracks in LR-115 type II detectors was also done by a 
spark counter. Atleast 300-400 tracks were counted in 
each detector to keep the relative standard deviation 
less than 10% due to counting statistics. 
2.2 Radon exhalation measurements 
In order to measure the radon exhalation rate in 
solid materials, the samples were first dried and then 
sieved. Grains of about 100 fim were used in these 
investigations. Equal amounts of each sample (100 gm) 
Table - 1 : Details of exposure of the calibration experiment 
Experiment 
No. Exposure time 
Average radon 
activity 
Average daughter 
level 
Average cone, of 
condensation 
nuclei 
Average 
equilibrium factor 
<h) (BqnT3) (PAEC) (cc)"1 (F) 
I 
II 
III 
IV 
V 
68.0 
20.0 
21.9 
19.3 
26.0 
957 
775 
348 
1186 
548 
0.1744 
0.1231 
0.0746 
0.1923 
0.1087 
5170 
9830 
5570 
6870 
6770 
0.41 
0.55 
0.69 
0.58 
0.68 
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were placed at the base of the Can. In the samples 
composed of solid material particles, emanation of 
radon into the Can is possible in two stages, firstly 
diffusion from individual grains to the air-filled pores and 
secondly the transport through these pores to the Can. 
The fraction of radon formed in the solid materials which 
escapes into the pores is known as the emanation 
coefficient and is generally a few percent. Each Can 
equipped with a LR-115 type II plastic track detector (2 
cm x 2 cm) is fixed at the top inside of the Can so that 
the sensitive lower surface of the detector is freely 
exposed to the emergent radon from the sample. 
Detectors fixed in sealed Cans were exposed for 90 
days and were then etched in 2.5N NaOH at 60 + 1'C 
for 90 minutes in a constant temperature water bath for 
the revelation of the tracks. The alpha tracks in the 
detector were then counted, viewing through an optical 
research microscope at a magnification of 400X. The 
activity was obtained from the track density in the etched 
detectors using the calibration factor of 0.056 tracks 
cm-2 d~1 (Bq m"3)-1 obtained from the calibration 
experiment. Exhalation rate is obtained from the 
expression, (Jonassen, 1983). 
EM 
. - X T M(T+1/^(e~"' -1) ] 
where 
EM - Radon exhalation rate (Bq kg 1
 h-1) 
C - Integrated radon exposure as measured by 
LR-115 type II detector (Bq m^h) 
V - The effective volume of the Can (m3) 
X - Decay constant for radon (h_1) 
T - Exposure time (h) 
M - Mass of the sample (kg). 
3. RESULTS AND DISCUSSION 
Table - 2 shows the track production rates and 
the calibration factors for the two radon dosimeters 
equipped with LR-115 type II and CR-39 films, whereas 
Figs. 1 and 2 show the variation of the track production 
rates with radon concentration in LR-115 type II and 
CR-39 films respectively. 
The calibration factors obtained are 0.056 and 
0.083 Tracks cm-2 d"1 (Bq m-3)""1 for PC and CPC type 
dosimeters having LR-115 type II detector and 0.149 
and 0.150 Tracks cm-2 d~1 (Bq m-3)"1 for PC and CPC 
type dosimeters with CR-39 detectors respectively. The 
calibration results show that the response is linear and 
hence the calibration graph can be extended for radon 
concentrations outside the range used in the present 
experiment. The exhalation rates are measured in a 
number of solid samples used in the construction of 
buildings. The values of the radon activity in the Can and 
the calculated values of the exhalation rates are 
presented in Table - 3. 
Table - 2 : Track production rate Tracks cm~2d"1, and calibration factors, 
Tracks cm~2d~1 (Bq m""3) "1 for 'Open Cup' mode 
Experiment 
No. 
I 
II 
III 
IV 
V 
Weighted mean 
Airthematic mean 
Standard deviation 
Rel. std. dev. (%) 
Linear coefficient of 
correlation 
LR-115 Type II 
Dosimeter - PC 
Track 
prod, 
rate 
59 
31 
14 
90 
34 
Cali-
bration 
factor 
0.062 
0.040 
0.040 
0.076 
0.062 
0.059 
0.056 
0.014 
25 
0.943 
Oosimetei 
Track 
prod, 
rate 
90 
63 
28 
112 
35 
-CPC 
Cali-
bration 
factor 
0.094 
0.081 
0.080 
0.095 
0.064 
0.086 
0.083 
0.011 
13 
0.986 
CR-39 
Dosimeter - PC 
Track 
prod, rate 
172 
89 
64 
126 
81 
Cali-
bration 
factor 
0.179 
0.126 
0.184 
0.106 
0.148 
0.142 
0.149 
0.030 
20 
0.771 
Dosimeter 
Track 
prod, rate 
110 
105 
86 
156 
81 
-CPC 
Cali-
bration 
factor 
0.115 
0.135 
0.247 
0.106 
0.148 
0.133 
0.150 
0.050 
33 
0.908 
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T„ 120 
Table - 3 : Radon activity and exhalation 
rata in solid samples 
1200 
Radon activity conowtration (5q m ) 
Fig. 1: Calibration graph for LR-115 type II in 'Open Cup' 
mode for the PC (X) and CPC (O) type dosimeter. Linear 
coefficient of correlation for PC and CPC are 0.943 and 
0.986 respectively. 
300 600 900 
Radon activity concentration (Bq rri"3) 
1200 
Fig. 2: Calibration graph for CR-39 in 'Open Cup'mode for 
the PC PC) and CPC (O) type dosimeter. Linear coefficient 
of correlation for PC and CPC are 0.771 and 0.908 
respectively. 
Radon exhalation rate is found to have the 
minimum value for cement samples. Results also point 
out that radon exhalation rate of fly ash is not enhanced 
iasptte of enhanced uranium concentration in fly ash 
(Jojo et al., 1994a) as compared to coal. This 
observation is in agreement with the measurement of 
Sovogyi et al., (1986) who have reported unusually low 
exhalation rates in fly ash samples collected from 
different Hungarian power plants. Karamdoost et al., 
(1988) also observed no significant difference in radon 
exhalation rate from samples with and without fly ash 
Sample 
material 
Ryash 
1 
2 
3 
4 
Coal 
1 
2 
3 
4 
Soil 
1 
2 
3 
4 
Cement 
1 
2 
3 
4 
Sand 
1 
2 
Track 
activity 
(Tracks 
cm."2d."1) 
51.7 
62.3 
45.5 
46.8 
41.2 
39.7 
38.0 
43.6 
40.9 
33.2 
42.4 
28.9 
8.1 
10.8 
7.6 
9.1 
33.8 
43.8 
Radon activity 
(Bqm. -3) 
1048 ±28.8 
1112.0 ±29.7 
812.7 ± 25.4 
835.0 ± 25.7 
735.7 ± 24.1 
709.5 ± 23.7 
679.4 ± 23.2 
777.7 ± 24.8 
730.0 + 24.1 
592.8 ±21.7 
756.3 ± 24.5 
515.9 ±20.2 
145.2 ±10.7 
193.7 ±12.4 
136.5 ±10.4 
162.7+11.4 
604.0 + 21.9 
781.7 + 24.9 
Exhalation rate 
(Ex)1 
(mBq.kg. h. 1) 
16.2 ±0.4 
17.2 ±0.5 
12.6 ±0.4 
12.9 ±0.4 
14.6 ±0.5 
14.1 ± 0.5 
13.5 ±0.4 
15.5 ±0.5 
9.01 0.3 
7.0 ± 0.2 
9.3 ± 0.3 
6.0 ± 0.2 
1.3 ±0.1 
1.8 ±0.1 
1.2 ±0.1 
1.4 ± 0.1 
5.2 t 0.2 
6.81 0.2 
Note : The errors shown are due to statistical counting errors 
and could be larger due to uncertainties in the calibration 
factor used. 
additives. This may be due to the low emanatior power 
of fly ash, as also observed by Kalkwarf et al., (1983). 
4. CONCLUSION 
The results obtained may be useful in planning 
the application of the nuclear track detector method for 
monitoring radon exhalation rate from solid materials. 
They clearly indicate that both LR-115 type II and the 
CR-39 detectors are suitable W radon exhalation 
measurements. The calibration factors obtained are 
0.056 and 0.083 tracks c m - 2 d " 1 (Bq m - 3 ) - 1 for PC and 
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CPC Cans fitted with LR-115 type 11 and 0.149 and 0.150 The radon exhalation rate from fly ash is less than 
Tracks cm-2 d~1 (Bq m - 3) - 1 for PC and CPC Cans with that from coal. This may be due to the low emanation 
CR-39 detectors respectively. The deviations in the power of fly ash. The radon exhalation rate from cement 
calibration factors as shown in Table 2 exceed expected samples was found to be minimum, 
experimental errors. The reason for such variations, ACKNOWLEDGEMENT 
among others, could be the dependencec of these 
values on equilibrium conditions in the case of open cup Financial assistance from Ministry of 
mode. The methodology, although not precise, is simple Environment and Forest, Govt, of India in the form of a 
and the reported calibration factors can normally be research project is thankfully acknowledged. A.J. Khan 
used in the equilibrium factor range of 0.4-0.7. wishes to thank Council of Scientific and Industrial 
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Tic cxhalnlion rnlc of radon from different iiuicrinls were measured using CR-39 solid slate nuclear 
track dclcclors (SSNTDs) Tltc nidon exhalation rate varies from 52 lo 117 inBq m" h~ in soil samples, 
from 50 to 73 mBq.in" h" in coal samples and from 7X lo % inBq in" h* in fly ash samples, respectively. 
In two soil samples, live radon cslvalalion rate is higher linn llic fly ash samples This may be due lo the low 
emanation power of fly ash, as the radionuclide conients of fly ash arc found to be liighcr tlian the soil by 
various investigalions 
I Introduction 
The measurement of radon and its decay products 
concentration in indoor and soil air has been the 
interest of many research scientists all over the 
world.In addition to geophysical research, including 
the localisation of uranium deposits and possible 
prediction of earthquakes, the ultimate scope of the 
measurements was the assessment of health risk.In 
fact, radon and its decay products constitute the 
largest single contribution to human radiation expo-
sure coming from natural sources Except for build-
ing materials with unusually high radionuclide 
contents, 
the soil has been recognised as the main source of 
indoor radon . The concentrations of* U and ::*Ra 
in soil and rocks may van, over several ordeis of 
magnitudc.Thc emanation of radon from the soil 
depends only on the * U and " Ra concentrations 
but also on the nature of the host mineralogy, the 
porosit\, the soil moisture content and the permeabil-
ity of the host rock and soil" 
*A pait ol (tic present |KI|H.T »a< jxesenk-d ;it X Nutmn:i! Nuii-
imsiiun on SSN*l1)s held at KumkshcUu Univctsilv. Kunik-
dielra, October 3-5. IW0. 
In last few years, considerable work has been 
performed to study the radon exhalation from coal-
combustion b\ -products .In India, coal is used not 
only in thermal power stations for industrial and 
related purposes, but also for cooking and heating in 
houses. It is known to contain trace quantities of 
naturally occurring primordial radionuclidcs.Tnere-
forc, the combustion of coal results in the release of 
some natural radioactivity to the environment and in 
the redistribution of that activity to modify popula-
tion radiation cxposure.Combustion of coal results in 
the emission of fly ash into the atmosphcre.lt was 
reported that the fly ash contains higher levels of 
radionuclides than coal itself'.The use of fly ash in 
the manufacturing of fly ash concrete, portland poz-
zolana cement and fly ash mixed bricks may have 
adverse effect on environmental pollution. 
In the present paper, the measurement of radon 
exhalation rate from different samples of soil, coal 
and fly ash has been undertaken 
2 Experimental Method 
To measure the radon exhalation rate from soil, 
coal and lly ash samples, the 'Can technique' was 
applied A CR-39 plastic track detector of size 2 cm 
\ 2 cm was placed on the top inside of the can of 
height 7 J cm and diameter 7.0 cm. containing the 
sample. All the samples were first dried and then 
sieved in 100 mesh sicvc.Each sample o f thickness 
3 cm was fi l led in die can wh ich occupies a volume 
of about 115 cm .As the ration exhalation rale de-
pends upon the grain size, die effect o f the parameter 
'grain size' may be minimised and the comparison 
of radon exhalation rate in the same type o f samples 
' as well as in different types o f samples may be 
meaningful and rcproduciblc.Thc cans were scaled 
for 90 days.In such type o f assembly, the lower part 
o f the detector was exposed freely to the emergent 
radon so that it could record die a-pail iclcs resulting 
from die decay o f radon in the remaining volume o f 
the can and from 2 , ,Po and 2 l 4Po deposited on the 
inner walls o f the can.Radon arid its daughters would 
reach an e q u i l i b r i u m concent ra t ion after few 
hours Hence knowing the geometry o f the can and 
time o f exposure, die equi l ibr ium activity of emer-
gent radon could be obtained T h e plastic detectors 
were removed and etched in 6N NaOl I solution at 
70°C for 8 hours The tracks registered in the detec-
tors were counted using an optical microscope with 
magnification 400x 
To convert track density (tracks cm" ) into radon 
concentration (Bq.m'5) inside die can, calibration 
constant has been calculated for can geometry as-
suming a 40 % equi l ibr ium, using the theoretical 
curve given elsewhere .The calibration constant in 
terms o f a-tracks cm' 2 per (Bq.m"1) taking a 30 days 
exposure time comes out to be 4.6 for the CR-39 
plastic track dctcctor.Thc radon exhalation rate is 
calculated by using the relation given elsewhere'. 
The samples o f soil, coal and f ly ash used in this 
study were obtained from die fo l lowing places: 
(a) Soil: 
(i) Five samples (S- l to S-5) o f ordinary soil from 
different places o f Al igarh Mus l im University cam-
pus. 
(li) One ordinary soil sample (S-<>) l ioni Quilnu 
(Kerala) 
(ui) One soil sample (S-7) f rom I larduaganj Ther-
mal Power Station campus 
(iv) One soil sample (S-X) from the l»;uik of Ya-
muna (Agra) 
(h) ( oal 
( i ) Six samples (three each) collected from Har-
duaganj (CM to C- 3) and Panki Thermal Power 
Stations. Kanpur (C-4 to C-6) 
(c)l'lyosh 
(i) One sample each from unit A, B and C o f 
llarduagaiij Thermal Power Station, Aligarh (F-A, 
F-BandF-C). 
( i i) One sample from Panki Thermal Power Sta-
tion. (F-P) 
( i i i )Onc sample each from lndraprasma(F-l)and 
Badarpur Thermal Power Station (F-B), Delhi. 
3 Results nnd Discussion 
H ie radon exhalation rate measured using die 
'Can technique' f rom the samples o f soil, coal and 
fly ash varies f rom 52 to 117 mBq.m'2 h"1 in soil 
samples, f rom 50 to 73 mBq. m 2 h ' in fly ash sam-
ples, respectively The variations of radon exhalation 
rate and die radon activity inside die can in the 
samples o f so i l , coal and fly ash arc shown in Figs 
1-3 It appears from our results that the radon exha-
lation rates in the soil samples collected from Quilon 
and Agra are higher than the other soil samples and 
also the coal and f ly ash samples It is reported that 
the natural radionuclide contents (2JIU and " 'Ra ) o f 
the fly ash arc h igher than those in soil and 
coal4.Heuce die higher concentrations o f 2UU and 
2I6Ra in f ly ash docs not correlate higher radon 
exhalation rate in soi l . Strandcn (1983) also 
found the radon emanation from fly ash concrete 
significantly lower than from the identical concretes 
will) out f ly ash T h i s may be due to the lower ema-
nation power o f f ly ash.However, the radon exhala-
tion rate in f ly ash samples is slightly higher than the 
samples o f coal.This may be due to the higher ura-
nium content o f f ly ash than the coal.Jojo el o/.1 
(1991) found that uranium content of some Indian 
coal samples vary from 1.07 ppm to 6.67 ppm and 
in fly ash samples from 6.82 ppm to 9.49 ppm. 
Tlic present study o f radon exhalation rate sug-
gests that fly ash is less harmful than ordinary soil 
due to its low emanating power On the other hand, 
due to its higher ' U and " ' R a contents and fine 
powden texture, it would be more harmful i f in -
haled It is also desireu to control (he amount o f f h 
ash escaping f rom chimney stacks of thermal power 
stations into the air during the combustion o f coal 
4 Conclusions 
From the observations o f the study, it is concluded 
that the radon exhalation rates in soil samples are 
comparable to the radon exhalation rates of coal and 
fly ash.In two cases, it b higher than the fly ash 
samples This may be due to die low emanation power 
of fly ash. as the radionuclide contents of fly ash arc 
found to be higher by various investigators. 
In these measurements o f radon exhalation rate, 
the contributions from thoron may be negligible, not 
only due to its short life- time which strongly limits 
its diffusion distance f 2.X5 cm in air) but also duo 
to its low activity (4.6 % relative to 2"Rn). Further, 
the detection of thoron may also be restricted by 
taking the appropriate cup geometry.Somogyi ctal6 
measured the thoron concentration inside the cylin-
drical can with different heights of the can.For our 
cup geometry and height (~ 4-5 cm), the results show 
'.hat the thoron concentration is less than 10% 
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Figure Captions 
Fig I — Variation of radon exhalation rate and radon activity 
in soil samples 
Fig 2 — Variation of radon cxlialalion rale and radon activity 
in coal .samples 
Fig 3 — Variation of radon exhalation rate and radon activity 
in fly ash 
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